Syst. Zool., 39(3):192-204, 1990

COSPECIATION IN HOST-PARASITE ASSEMBLAGES:
COMPARATIVE ANALYSIS OF RATES
OF EVOLUTION AND TIMING OF
COSPECIATION EVENTS
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Abstract. —Documentation of widespread cospeciation in a host-parasite assemblage requires
statistical evidence that the congruence observed between the host and parasite phylogenies
exceeds that expected by chance. Although the validity of this test rests on the assumption of
independence of the host and parasite phylogenies, this critical assumption may be violated in
many tests of cospeciation. Herein, we emphasize the need for rigorous tests of cospeciation in
host-parasite assemblages, and we show how estimates of genetic distance can be used to in-
vestigate relative rates of evolution and timing of phylogenesis in the hosts and parasites once
widespread cospeciation has been documented for the assemblage. The method involves a non-
parametric test of association between genetic-distance matrices for the hosts and their parasites.
If the association is statistically significant, the relationship is examined in greater detail using
bivariate analysis. We use an example from our studies of pocket gophers and chewing lice to
illustrate how genetic distances can be used to explore relative rates of genetic change in the
two groups and to investigate relative timing of cospeciation events in the assemblage. [Cospecia-
tion; host-parasite coevolution; rates of evolution; genetic distances; pocket gophers; chewing

lice.]

Within the broad context of host-para-
site coevolutionary theory, the inference
of cospeciation is considered appropriate
for a given host-parasite assemblage if the
hosts and their parasites show identical
patterns of phylogenetic differentiation. In
practice, however, identical patterns of
phylogenesis in hosts and their parasites
are only rarely observed. Thus, in most

studies of cospeciation, the investigator-

must accept a certain degree of discordance
between host and parasite phylogenies and
ask whether evidence of cospeciation is
widespread within the assemblage. The
search for widespread cospeciation usually
involves a general assessment of con-
gruence between host and parasite phy-
logenies or between host and parasite
taxonomic boundaries or geographic
distributions (e.g., Kethley and Johnston,

1975; Kim et al.,, 1975; Eveleigh and Amano,
1977; Brooks, 1979; Fain, 1979; Moss, 1979,

! Present address: Department of Biological Sci-
ences, Northern Illinois University, DeKalb, Illinois
60115.

Radovsky, 1979; Hellenthal and Price,
1984). In comparisons of host and parasite
genealogical trees, the inference of wide-
spread cospeciation usually involves sub-
jective appraisal of branching similarity,
wherein a high level of congruence is as-
sumed to reflect widespread cospeciation
of hosts and their parasites, and a low level
of congruence indicates that the majority
of observed host-parasite associations can-
not be attributed to parallel phylogenesis.
Until recently (Humphries et al., 1986;
Brooks, 1987; Simberloff, 1987; Page, 1989,
1990), few workers have quantified simi-
larity between host and parasite phyloge-
nies. Because the inference of widespread
cospeciation is unwarranted if the ob-
served similarity can be explained by
chance, it is critical that investigations of |
cospeciation include assessments of the
statistical significance of topological simi-
larity of host and parasite phylogenetic

trees.

Even more fundamental to documenta-
tion of cospeciation is the logical and sta-
tistical requirement for independence of
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¢ the host and parasite phylogenies. For this
- reason, uncritical comparison of published
' taxonomies of hosts and their parasites to
~ investigate cospeciation may be impru-
- dent; the taxonomy of one group may have
been influenced, explicitly or implicitly,
by knowledge of relationships within the
other. Because systematic investigations of
parasites generally postdate systematic
studies of their hosts, parasite taxonomies
are especially subject to influence from pri-
or investigations of the hosts. In addition,
‘parasitological dogma maintains the ex-
pectation of widespread cospeciation in
host-parasite assemblages (embodied in
Farenholz’ Rule; Eichler, 1948), which may
bias taxonomic decisions to create an ar-
tificial pattern of cospeciation. Thus, in any
study of cospeciation, it is critical to doc-
ument. that the parasite phylogeny was
constructed without reference to host re-
lationships; only then can the host and par-
asite phylogenies be compared statistically
to investigate the hypothesis of wide-
spread cospeciation.

In theory, two kinds of evidence are nec-
essary (and sufficient) to document wide-
spread cospeciation in a host-parasite as-
semblage: evidence that the host and
parasite phylogenies are derived indepen-
dently and statistical evidence that the to-
pological similarity of the host and parasite
trees exceeds chance expectations. If the
host-parasite assemblage in question meets
both of these requirements, then the prob-
ability of spurious congruence between the
trees (which, in theory, could result if the
hosts and parasites differentiate at differ-
ent times but happen to show similar pat-
terns of phylogenesis) is remote. Although
documented cases of widespread cospecia-
tion are rare, they are of unusual interest
because they reveal a historical linkage be-
tween two groups of organisms that in-
variably have fundamentally different life
histories. The temporal aspect of this link-
age (i.e., the inference that a pair of hosts
diverged at approximately the same time
as their parasites) permits examination of
relative rates of evolution in the two groups
by comparing the amount of evolutionary
change (however measured) that each has

undergone during the period of parallel
phylogenesis. Thus, studies of cospeciat-
ing host-parasite assemblages permit ex-
amination of a broad spectrum of questions
relating to the possible affects of life style,
breeding structure, generation time, and
other life-history parameters on rates of
evolutionary change.

A GENERAL METHOD FOR THE
STUDY OF COSPECIATION

Estimates of Genetic Differentiation and
Construction of Genealogical Trees

The procedure we outline for the study
of cospeciation requires independent as-
sessments of genetic differentiation in a
group of hosts and their parasites. Molec-
ular methods (including protein electro-
phoresis) are particularly appropriate for
such assessments because these methods
allow measurement of differentiation in the
hosts and their parasites using a similar
genetic yardstick. Molecular data can be
used to derive phylogenies that are free of
assumptions concerning rates of evolu-
tionary change. In addition, molecular data
can be converted into estimates of genetic
distance that can be used to explore rela-
tive amounts of genetic change in the hosts
and their parasites and to determine if ge-
netic distances scale roughly in proportion
to time (Zuckerkandl and Pauling, 1965;
Kimura, 1983).

Given independent molecular data sets
for the hosts and their parasites, genealog-
ical trees are constructed from these data
for each group. Although the method(s)
used to generate the trees will depend on
one’s systematic philosophy, the investi-
gator should use tree-building algorithms
with clearly stated assumptions that can be
evaluated by the reader. Because the to-
pology of these trees will be compared sta-
tistically to test the hypothesis of wide-
spread cospeciation, the confidence one has
in their branching structure will necessar-
ily determine the strength of the inference
concerning cospeciation.

Statistical Comparison of Tree Topologies

Next, the genealogical trees for hosts and
their parasites are compared to determine
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HOSTS Acee A PARASITES

B---B

C---C

D---D

E-——FE

F-—F

G--- G

H--—H
F1G. 1. Hypothetical host and parasite trees, with

associated host and parasite taxa linked by dashed
lines. Although these trees are not topologically iden-
tical, the probability of this degree of similarity oc-
curring by chance is remote (P < 0.01).

if their topological similarity exceeds the
level of similarity expected by chance. For
example, Figure 1 illustrates a pair of hy-
pothetical host and parasite trees that lack
complete topological congruence; the trees
differ by a single node involving host taxa
C and D and their parasites. If the level of
topological similarity of these trees ex-
ceeds chance expectations, then it is ap-
propriate to infer widespread cospeciation
between these hypothetical hosts and par-
asites. Thus, an assemblage may show a
general pattern of cospeciation despite clear
evidence against cospeciation for certain
of the included taxa (e.g., taxa Cand D and
their parasites in Fig. 1). If similarity of the
trees does not exceed chance expectations,
then the hypothesis of widespread cospe-
ciation is falsified for this assemblage de-
spite the possibility that certain hosts and
their parasites in the assemblage may, in
fact, have a history of cospeciation.
Several methods are available to com-
pare tree topologies quantitatively (e.g.,
Platnick and Nelson, 1978; Rosen, 1978;
Nelson and Platnick, 1981; Hendy et al.,
1984; Simberloff, 1987; Page, 1989). Al-
though the statistical validity of certain of
these procedures has been questioned
(Simberloff et al., 1981; Simberloff, 1987),
use of quantitative procedures clearly is an
improvement over traditional, visual-in-
tuitive methods for comparing trees. Re-
gardless of the method used to evaluate
their topological similarity, the hypothet-

ical trees illustrated in Figure 1 are similar
beyond chance expectations. For example,
using Nelson and Platnick’s (1981) meth-
od, we determined that the probability of
chance similarity between the two trees
(Fig. 1)is P = 0.0012. Similarly, the method
of Hendy et al. (1984) yields a probability
of chance similarity of P = 9.62 x 107°.
Thus, these statistical tests falsify the hy-
pothesis of tree independence, and we
conclude that cospeciation has been wide-
spread among these hypothetical hosts and
their parasites.

Analyses of Evolutionary Rate and Timing

Before proceeding, it is important to
reemphasize that the statistical test of tree
topologies is both necessary and sufficient
to document widespread cospeciation in a
host-parasite assemblage; the possibility of
chance congruence between host and par-
asite phylogenetic trees has been elimi-
nated on probabilistic grounds. Although
documentation of widespread cospeciation
is of intrinsic interest in its own right, much
more can be learned about the coevolu-
tionary history of the assemblage by com-
paring degree and pattern of genetic dif-
ferentiation in the hosts and their parasites.
For example, if homologous gene loci or
nucleic acid sequences are surveyed in both
groups, one can compare interlocus differ-
entiation or sequence-specific rates of evo-
lutionary change in the hosts and para-
sites. In addition, if the sample of loci or
nucleotides surveyed permits robust esti-
mates of genetic distance, one can deter-
mine whether the parasites differentiate
genetically, on average, more rapidly or
more slowly than their hosts.

Although it may seem counterintuitive,
documentation of widespread cospeciation
in a host-parasite assemblage does not doc-
ument synchronous speciation events in
the two groups; cospeciation requires only
that parasite speciation events occur some-
time between consecutive host speciation
events. Parasitological rules (e.g., Manter’s
Rules; Manter, 1955) predict that most co-
speciating host-parasite assemblages will
show what we term “delayed cospecia-
tion,” wherein parasite speciation lags be-
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hind host speciation. Delayed cospeciation
might be expected in assemblages in which
parasites are more vagile than their hosts,
so that extrinsic barriers that block gene
flow among host populations will have less
immediate impact on gene flow among
their parasites. Similarly, delayed cospe-
ciation might be predicted in cases where
parasite dispersal is aided by mobile inter-
mediate hosts or vectors, or where passive
movement of parasite life stages occurs be-
tween allopatric host populations.

The term “synchronous cospeciation”
describes those cases in which host speci-
ation and parasite speciation are approxi-
mately contemporaneous. Synchronous
cospeciation would be expected to occur in
assemblages in which the parasites are as
vagile as, or less vagile than, their hosts,
so that a vicariant event that subdivides a
population of hosts causes contempora-
neous cessation of gene flow in both hosts
and parasites. If this isolation eventually
results in speciation in both groups, a pat-
tern of synchronous cospeciation emerges.
The possibility of delayed speciation by
the host (relative to the parasite), although
doubtlessly a real phenomenon in nature,
is not considered here because it would
usually result in two hosts harboring the
same set of parasites. This pattern would
not be interpreted as cospeciation, except
in the unlikely event that subsequent ex-
tinction left only one parasite species on
one host and the other parasite species on
the other host.

The degree to which a given host-par-
asite assemblage shows synchronous or de-
layed cospeciation will depend on biolog-
ical properties of the hosts and parasites
(e.g., their relative vagility, life cycle, pop-
ulation structure, and density) as modified
by abiotic factors, including the frequency,
magnitude, and duration of vicariant
events. The involvement of stochastic fac-
tors suggests that different lineages within
a single host-parasite assemblage may
show different kinds of cospeciation. Nev-
ertheless, if a host-parasite assemblage
shows a statistically documented pattern
of widespread cospeciation, it would be of
interest to know if that pattern consists

primarily of delayed or synchronous co-
speciation events. This issue can be ex-
plored by comparative analysis of genetic
distances in the hosts and parasites.

Correlation Analysis Using
Genetic Distances

The following analysis is based on the
assumption that the host and parasite trees
used to test the hypothesis of widespread
cospeciation were generated with a tree-
building algorithm (such as parsimony
analysis) that does not assume homoge-
neity of evolutionary rates. In this way, the
conclusion that a given host-parasite as-
semblage shows widespread cospeciation
(based on the statistical comparison of tree
topologies) is not dependent on the as-
sumption of equal rates of genetic change
within or between the hosts and parasites.
It is legitimate, therefore, to use the same
genetic data sets (i.e., those originally used
to construct the phylogenetic trees) to in-
vestigate whether the hosts and their par-
asites have undergone equivalent amounts
of genetic differentiation during their his-
tory of parallel phylogenesis. This ques-
tion can be addressed by comparing host
and parasite genetic distance matrices us-
ing a nonparametric test of association, such
as the Mantel test (Mantel, 1967; Schnell
et al., 1985). This test requires matrices of
equal size, which will require elimination
of certain host or parasite taxa in the case
of redundant parasite distributions (Nel-
son and Platnick, 1981). In these cases, we
recommend iterative tests (with replace-
ment) so that the genetic distances be-
tween all coexisting host-parasite pairs can
be examined for statistical association. The
Mantel test does not require independence
among the elements of a matrix; however,
recognizing that there is a certain degree
of dependence among the elements within
a genetic distance matrix, we recommend
use of the conservative value of n — 1 de-
grees of freedom (rather than infinite de-
grees of freedom) in the Mantel test, where
n is the number of host (or parasite) taxa
per matrix.

A statistically significant relationship
between the genetic distance matrices for
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hosts and their parasites (using the Mantel
test) would be strong evidence for evolu-
tionary rate constancy (“molecular clocks”)
within each group. The alternative (and, in
our view, less likely) explanation for the
correlation between the distance matrices
is that rate fluctuations in one group were
mimicked precisely by rate fluctuations in
the other. Although a significant relation-
ship between host and parasite genetic
distance matrices is consistent with the
hypothesis of widespread cospeciation
(Hafner and Nadler, 1988), lack of a sig-
nificant association between the matrices
does not falsify the cospeciation hypoth-
esis. The Mantel test can only falsify the
hypothesis that there is a significant cor-
relation between amounts of genetic dif-
ferentiation in the hosts and their para-
sites; thus, if rates of evolution vary within
either or both groups, the test may reveal
a nonsignificant relationship. However,
regardless of the outcome of the Mantel
test, the statistical documentation of wide-
spread cospeciation (based on the initial
comparison of tree topologies) remains
valid.

A statistically significant elementwise
association between the matrices signals a
predictable relationship between genetic
distances in the two groups, but it does not
necessarily indicate equal distances. The
nature of the relationship between the ma-
trices can be explored by constructing bi-
variate plots of the corresponding ele-
ments in the two matrices (i.e., each
pairwise genetic distance for the hosts is
plotted against the corresponding genetic
distance for their parasites). Although it is
statistically invalid to fit a line to these
points (because of the dependence among
the elements within each matrix), the re-
sulting plot provides a heuristic assess-
ment of the relationship between the two
distance matrices. For example, if genetic
distances are approximately equal in the
two groups, most of the points will lie
roughly equidistant from the two axes (Fig.
2a). This pattern would suggest that the
average rate of genetic differentiation in
the hosts and parasites has been roughly
equal during their history of parallel phy-

logenesis. In contrast, if most of the points
lie closer to the host (or parasite) axis, this
would indicate that the hosts (or parasites)
have differentiated more rapidly than their
symbiotic partners. Thus, the bivariate plot
enables a general assessment of between-
group rate differences without resort to an
outside time calibration based on fossil or
geological evidence.

Regardless of the relative rates of genetic
change in the hosts and parasites (i.e., re-
gardless of the slopes of the lines in Fig.
2a), a consistent pattern of synchronous
cospeciation will always yield an array of
plotted points that emanates from the or-
igin of the graph (Fig. 2b). Similarly, a con-
sistent pattern of delayed cospeciation will
depress the array of points uniformly
downward (lower their y-intercept) in pro-
portion to the length of the time interval
between host speciation and parasite spe-
ciation. Thus, different rates of genetic
change in the hosts and their parasites
should affect only the trajectory of the ar-
ray, whereas consistent differences in tim-
ing of speciation events in the two groups
will affect only the y-intercept of the array.
Because the factors of rate and timing are
effectively decoupled, this method should
reveal consistent patterns in timing of co-
speciation events regardless of the relative
rates of genetic change in the hosts and
parasites. Absence of a consistent pattern
within an assemblage (i.e., a mixture of
synchronous and delayed cospeciation
events) will obscure the real relationship
between timing of cospeciation events in
the hosts and parasites and will usually
result in an uninterpretable array of wide-
ly scattered points.

AN EXAMPLE: POCKET GOPHERS AND
THEIR CHEWING LICE

The hosts in this example include sev-
eral species of pocket gophers of the rodent
family Geomyidae; these fossorial herbi-
vores are asocial, and geomyid species are
generally allopatric (Hall, 1981). The pock-
et gophers are parasitized by chewing lice
of the mallophagan family Trichodectidae.
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These species of chewing lice are restricted
to pocket gophers, and the entire life cycle
of these wingless insects occurs on the host.
Transmission of chewing lice among pock-
et gophers appears to require prolonged
host-to-host contact (Timm, 1983), which
suggests that a major means of louse trans-
fer may be from mother to offspring (mat-
ing encounters are brief). Thus, the com-
bined biological characteristics of pocket
gophers and chewing lice indicate that the
lice have few opportunities for coloniza-
tion of new host species (Nadler and Haf-
ner, 1989; Nadler et al., 1990).

In previous work (Hafner and Nadler,
1988), we used standard starch-gel electro-
phoretic procedures to survey allelic vari-
ation at 31 protein loci in the pocket go-
phers (Appendices 1 and 2) and 14 loci in
their chewing lice (Appendix 3). Because
estimates of genetic distance may be influ-
enced by the ratio of slow:fast-evolving
loci surveyed (Sarich, 1977), we surveyed
equivalent ratios of relatively slow and rel-
atively fast-evolving loci in the hosts and
parasites; 4 of 31 loci (13%) examined in
pocket gophers and 2 of 14 loci (14%) sur-
veyed in chewing lice are generally clas-
sified as fast-evolving (Kojima et al., 1970;
Hafner and Nadler, 1988). To assure that
the louse survey was not simply an indirect
survey of host tissues contained in the
louse’s gut, we compared patterns of allelic
variation at the 10 loci in common to the
two electrophoretic surveys; at all 10 loci,
the hosts and parasites had different alleles
and different patterns of allelic variation.

Phylogenetic trees for the pocket go-
phers and their chewing lice are compared
in Figure 3. The pocket gopher tree was
rooted using the rodent Dipodomys ordii
(Heteromyidae) as the outgroup, and two
chewing lice from mammalian carnivores
(Neotrichodectes mephitidis and Trichodectes
octomaculatus) were used to root the chew-
ing louse tree. The trees illustrated were
included among the set of shortest trees in
parsimony analyses of the protein data
(PAUP 3.0; Swofford, 1989). Branch-and-
bound searches were used in the parsi-
mony analyses, in which loci were treated
as characters and alleles as character states.
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Fi1G. 2. Hypothetical bivariate plots of correspond-
ing elements in the host and parasite genetic distance
matrices. Such plots provide a heuristic assessment
of the relationship between corresponding elements
of the matrices; the relationship cannot be evaluated
statistically because the elements within each matrix
are not independent. (a) The trajectory of the plotted
points will reflect the general relationship between
rates of genetic evolution in the hosts and their par-
asites. (b) A consistent pattern of delayed parasite
speciation (relative to their hosts) is expected to de-
press the array of points uniformly downward in the
graph.
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HOST-PARASITE ASSOCIATIONS

POCKET GOPHERS

Thomomys

bursarius ----

/ hispidus -----

Geomys
/ cavator ------
Orthogeomys underwoodi

cherriej *----

heterodus ----

talpoides :----
/< bottae ::——»—\-‘~\\

Teseee- actuosi

--------- ewingi
-------- chapini
--- panamensis
------nn setzeri

----costaricensis

CHEWING LICE

“‘thomomyus

Thomomydoecus

Geomydoecus

cherriei

FiG. 3. Pocket gopher and chewing louse phylogenies, with dashed lines indicating host-parasite asso-
ciations. The branching patterns shown are supported by parsimony (Swofford, 1989), locus-by-locus (Baver-
stock et al., 1979; Hafner et al., 1987), and UPGMA (Sneath and Sokal, 1973) analyses of the electrophoretic
data. Outgroups (not shown) were used to root the trees. Both species of Thomomys host two species of lice.
The louse G. setzeri is known from all populations of the pocket gopher O. underwoodi and also occurs in a

few populations of the host O. cherriei.

The reported tree lengths include changes
within terminal taxa.

Parsimony analysis of the pocket gopher
data generated 105 trees, each with 125
steps and a consistency index (excluding
uninformative characters) of 0.886. The
louse analysis yielded 81 trees, each with
64 steps and a consistency index of 0.885.
The trees shown in Figure 3 were selected
from the set of shortest trees because their
topologies are consistent with a locus-by-
locus analysis (Baverstock et al., 1979; Haf-
ner et al.,, 1987) and a UPGMA analysis
(Sneath and Sokal, 1973) of the same data
sets. In addition, the relationships depicted
for both groups are consistent with results
of previous systematic investigations of
these groups (Hafner, 1982, 1991; Honey-
cutt and Williams, 1982; Hellenthal and
Price, 1984; Price et al., 1985; Hafner et al.,
1987).

Although the host and parasite trees il-
lustrated in Figure 3 appear remarkably
similar, it is necessary to document that
their level of topological similarity exceeds
chance expectations. Because the statistical
procedures we use to compare tree topol-
ogies (Nelson and Platnick, 1981; Hendy

et al., 1984) require trees with equal num-
bers of taxa, we performed two separate
tests of topological similarity: in the first,
we omitted the louse taxa Geomydoecus
thomomyus and G. actuosi; in the second, we
omitted Thomomydoecus wardi and T. minor.
In both cases, the hypothesis of tree in-
dependence was rejected (P < 0.001 in both
cases using the method of Hendy et al.
[1984] and P < 0.01 in the first case and P
= 0.05 in the second case using the method
of Nelson and Platnick {1981]). Thus, the
statistical tests of tree similarity led us to
conclude that there has been a general his-
tory of cospeciation in this host-parasite
assemblage. For the purposes of analysis,
we ignored the occurrence of the louse G.
setzeri in a few populations of the pocket
gopher O. cherriei (Fig. 3); the methods we
use to compare trees can accommodate re-
dundant endemic taxa, such as the lice G.
thomomyus and G. actuosi, but not redun-
dant widespread taxa, such as G. setzeri (ter-
minology follows Nelson and Platnick,
1981). Although the presence of G. setzeri
on O. cherriei may result from host-switch-
ing (Hafner and Nadler, 1988), Page (1990)
provided evidence that the host distribu-
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TaABLE 1.

Matrices of Nei's (1978) unbiased genetic distances for pocket gophers (above) and chewing lice

(below) based on analysis of electrophoretic data. Corresponding hosts and their parasites are listed in the

same sequence in the two matrices.

Pocket gophers 1 2 3 4 5 6 7 8

1. Orthogeomys underwoodi —

2. Orthogeomys hispidus 0.693 —

3. Geomys bursarius 0.807 0.949 —

4. Thomomys talpoides 1.800 1.825 1.642 —

5. Thomomys bottae 1.800 1.825 1.825 0.949 —

6. Orthogeomys cavator 0.153 0.813 0.964 1.797 1.797 —

7. Orthogeomys heterodus 0.109 0.733 0.869 1.824 1.824 0.141 —

8. Orthogeomys cherriei 0.092 0.662 0.801 1.798 1.798 0.156 0.057 —
Chewing lice 1 2 3 4 5 6 7 8

1. Geomydoecus setzeri —

2. Geomydoecus chapini 0.799 —

3. Geomydoecus ewingi 0.981 1.143 —

4. Thomomydoecus wardi 1.492 1.779 1.086 —

5. Thomomydoecus minor 1.482 1.779 1.086 0.239 —

6. Geomydoecus panamensis 0.170 0.758 0.981 1.204 1.204 —

7. Geomydoecus costaricensis 0.480 0.932 1.143 1.779 1.779 0.480 —

8. Geomydoecus cherriei 0.475 0.823 1.228 1.922 1.922 0.475 0.089 —

tion of G. setzeri is more easily explained
by descent than by dispersal.

Given statistically corroborated evi-
dence of cospeciation, it is appropriate to
ask whether pocket gophers and chewing
lice have undergone equivalent amounts
of genetic differentiation during their his-
tory of parallel phylogenesis. Comparison
of the genetic distance matrices for the two
groups (Table 1) reveals a highly signifi-
cant association between corresponding
elements in the matrices (t = 4.113, P <
0.01, when G. actuosi and G. thomomyus are
omitted; t = 2.815, P < 0.05, when T. wardi
and T. minor are omitted; adjusted df = 7
in both cases; Mantel, 1967). Although this
is strong evidence that evolutionary rates
within each of the groups have been
roughly constant through time (the same
conclusion reached by Page, 1990), this test
reveals nothing about potential rate dif-
ferences that may exist between the hosts
and parasites.

A plot of corresponding genetic distanc-
es for hosts and their parasites (Fig. 4) il-
lustrates graphically the relationship be-
tween the two matrices (Table 1). Because
there is dependence among the elements
within each matrix, we are prevented from
fitting a line to the points. It is clear, how-

ever, that most of them lie roughly equi-
distant from the two axes, and the array
appears to emanate from the vicinity of the
origin. The clumping of the points in Fig-
ure 4 is an artifact of the branching struc-
ture of the host and parasite trees (i.e., the
trees lacked branches at the genetic dis-
tances corresponding to the gaps). The ob-
vious outlier in Figure 4 is the Thomomys-
Thomomydoecus comparison, in which the
pocket gophers (Nei’s D = 0.949) are far
more differentiated than are their lice (D
= (0.239). Elsewhere (Hafner and Nadler,
1988), we hypothesized that this repre-
sents a case of pseudo-cospeciation, where-
in a parasite colonizes a new host that hap-
pens to be the sister taxon of the parasite’s
original host. Although this yields a phy-
logenetic pattern that is consistent with
cospeciation (i.e., sister taxa of parasites are
found on sister taxa of hosts), this pattern
results from host-switching rather than
cospeciation. At present, we have no way
of testing whether there is a linear rela-
tionship among the points in Figure 4 and,
if so, determining confidence intervals for
the slope and y-intercept of the line. We
point out, however, that the distribution
of the points in Figure 4 is consistent with
expectations of equal rates of evolutionary
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genetic distance (Table 1).

change (Fig. 2a) and synchronous cospe-
ciation (Fig. 2b) in pocket gophers and their
ectoparasitic chewing lice.

CONCLUSIONS

We have outlined a method for use of
genetic data to investigate cospeciation in
host-parasite assemblages. The initial (and
most critical) portion of the analysis, doc-
umentation of widespread cospeciation,
involves a quantitative comparison of host
and parasite tree topologies; to this end,
use of genetic data to construct the trees
has few advantages over other kinds of data
used to infer phylogeny. However, given
statistical documentation of widespread
cospeciation, the availability of genetic data
for both hosts and parasites enables a more
thorough investigation of the evolutionary
history of the assemblage because these data
can be converted into estimates of genetic
distance to study relative rates of differ-
entiation in the hosts and their parasites.

The method we propose has several lim-
itations, including the problem of large

standard errors around estimates of genetic
distance based on protein studies. This
problem is particularly acute when these
estimates are based on examination of a
relatively small number of loci, as in our
chewing louse example. We are currently
obtaining nucleic acid sequence data for
pocket gophers and chewing lice, which
should increase the resolving power of our
test. Also, regardless of the method used
to generate the host and parasite trees, there
is considerable uncertainty surrounding
the topological structure of the trees; this
uncertainty will affect the confidence we
have in our test for widespread cospecia-
tion. Because the methods we use to com-
pare tree topologies require equal numbers
of host and parasite taxa, iterative tests are
required in assemblages with redundant
endemic parasites; at present, the method
cannot accommodate redundant wide-
spread taxa. Finally, the bivariate method
we propose to compare genetic distances
in hosts and their parasites is not amenable
to statistical analysis and, thus, provides
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only a heuristic assessment of the relation-
ship between evolutionary rates in the two
groups.

In the case study of pocket gophers and
chewing lice, we document (within ac-
cepted levels of statistical rigor) that these
rodents and their ectoparasites share a his-
tory of widespread cospeciation. Qur com-
parative analysis of genetic distances in the
two groups provides evidence that the rate
of genetic change within each group has
been roughly constant through time, but
results of the between-group analysis of
evolutionary rates remain tentative. The
bivariate plot of host and parasite genetic
distances suggests that pocket gophers and
chewing lice may have evolved at approx-
imately equal rates; however, any degree
of confidence in this assertion must await
development of a rigorous statistical pro-
cedure for examining the proportional re-
lationship between genetic distances in the
two groups. At present, the data base is too
small to restrict the bivariate analysis to
phylogenetically independent data points
(which would enable use of conventional
statistical tests of fitand association). Hence,
the addition of new host and parasite taxa
to the data base should permit us to ex-
amine in greater detail the question of rel-
ative rates of genetic evolution in pocket
gophers and chewing lice.
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APPENDIX 1

Protein loci examined in the electrophoretic survey
of pocket gophers were alcohol dehydrogenase (ADH),
sorbitol dehydrogenase (SDH), lactate dehydroge-
nases (LDH-1, LDH-2), malate dehydrogenases (MDH-
1, MDH-2), malic enzyme (ME), isocitrate dehydroge-
nases (ICD-1, ICD-2), glucose dehydrogenase (GDH),
glucose-6-phosphate dehydrogenase (G6PDH), a-gly-
cerophosphate dehydrogenase (aGPD), superoxide
dismutases (SOD-1, SOD-2), glutamate-oxaloacetate
transaminases (GOT-1, GOT-2), creatine kinases (CK-
1, CK-2), adenylate kinase (AK), 4-methyl-umbel-
liferyl acetate esterase (EST-D), peptidase A (PEP-A),
peptidase B (PEP-B), peptidase C (PEP-C), leucine
aminopeptidase (LAP), fumarate hydratase (FUM),
aconitases (ACON-1, ACON-2), mannose phosphate
isomerase (MPI), glucose phosphate isomerase (GPI),
albumin (ALB), and hemoglobin (HB). Loci surveyed
in the chewing lice were malate dehydrogenase
(MDH), malic enzyme (ME), isocitrate dehydroge-
nase-1 (ICD-1), xanthine dehydrogenase (XDH), su-
peroxide dismutases (50D-1, SOD-2), arginine kinase
(ARK), 4-methyl-umbelliferyl acetate esterase (EST-
D), alpha-naphthyl acetate esterase (EST), peptidase
A (PEP-A), peptidase C (PEP-C), adenosine deaminase
(ADA), fumarate hydratase (FUM), and glucose phos-
phate isomerase (GPI).
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APPENDIX 2. Allele frequencies at 31 loci in eight taxa of pocket gophers (Geomyidae) and the outgroup,
Dipodomys ordii (Heteromyidae). Allele frequencies are 1.00 unless otherwise indicated. Locus abbreviations
are given in Appendix 1.

Thomomys Orthogeomys .
Geomys Dipodo-
talpoides  bottae  bursarius  hispidus cavator underwoodi cherriei heterodus mys ordii
Locus n=1 {(n=1) (n=1) (n=1) (n=4) {n=28) (n=7) n=17) (n=1)
ADH c d e b a a a a f
SDH c d a a b(0.75) a a a (0.82) h
g(0.25) e (0.09)
f (0.09)
LDH-1 c c b b b (0.50) b(0.88) a (0.57) 2 (0.88) f
e (0.50) d(0.12) b (0.43) b (0.12)
LDH-2 a a a a a a a a b
MDH-1 a a a a a a a a a
MDH-2 d d c b a a a a e
ME d d c b a a a a c
ICD-1 a a a a a a a (0.93) a (0.91) d
¢ (0.07) b (0.09)
ICD-2 e d c b a a a a d
GDH d c b a a a a a (0.94) f
e (0.06)
G6PDH e d [§ a b a (0.63) a (0.43) b a
b(0.37) b (0.57)
a«GPD e d c b a a a (0.43) a g
f (0.57)
SOD-1 c c b a a a a a d
SOD-2 d d c b a a a a d
GOT-1 e d a c b a a a f
GOT-2 a a a a a a a a a
CK-1 e d c b a a a a f
CK-2 e d c b a a (0.94) a a e
f (0.06)
AK e d c b a a a a f
EST-D b b a a a a (0.75) a a d
¢ (0.25)
PEP-A h g f e d(0.75) C b a j
i (0.25)
PEP-B [ b a a a a a a (0.91) e
d (0.09)
PEP-C d d c b a a a a e
LAP [d b a a a a a a d
FUM b c b a a (0.88) a a (0.72) a b
e (0.12) d(0.28)
ACON-1 g f e a d c a (0.86) a (0.91) a
b(0.14) b (0.09)
ACON-2 e d C b a a a a f
MPI c b a a a a a a d
GPI b c a a a a (0.88) a a a
d(0.12)
ALB d c a b a a a a a
HB a a a a a a a b
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