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Abstract. —Single-copy DNA divergence among 23 populations of cave crickets belonging to two
genera (Euhadenoecus and Hadenoecus) has been determined by DNA-DNA hybridization em-
ploying the TEACL method. These same populations have been studied for allozyme variation
(Caccone and Sbordoni, 1987). In addition, a European relative (Dolichopoda laetitiae) has been
included as an outgroup for rooting the phylogeny. One of the most remarkable findings is the
large degree of DNA divergence among these species and populations. A AT, of up to 5°C has
been found between populations of the same species; even further divergence is indicated by a
lowered normalized percentage of reassociation. A phylogeny was constructed and tested for syn-
chrony of rates, i.e., a molecular clock. Statistically, we could not reject the clock hypothesis.
Attempts to calibrate the clock led to the conclusion that these insects are among the fastest evolving
(with respect to single-copy DNA) groups yet studied—at least as fast as Drosophila and sea
urchins—where a AT, of 1°C indicates 0.5 to 1.5 MY since the last common ancestor. In general,
the phylogeny derived from the DNA data agrees with that derived from isozymes. Nei’s D and
AT, are correlated; in this group a D of 0.1 corresponds to a AT, of about 1.5°C. This indicates
that, relative to total single-copy DNA, the protein-coding regions of the genome are slowly
evolving.
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Quantitative measurement of degrees of
genetic differentiation between populations
and species has long been a goal of evolu-
tionary genetics. Several types of data, use-
ful in different contexts, may be gathered.
For example, population-genetic models re-
quire allele and genotype frequencies, as
might come from electrophoretic surveys of
protein variation or from determination of
restriction-fragment length polymor-
phisms. For other purposes, such as system-
atics and studies of rates of molecular evo-
lution, averages of differentiation over the
total genome may be more useful. In the
preceding paper (Caccone and Sbordoni,
1987) allozyme data for two genera of cave
crickets were presented and analyzed in the
context of population genetics. Here, we
present data on the same populations and
species for overall average differentiation as
measured by DNA-DNA hybridization. The
emphasis will be on constructing phyloge-
nies, studying rates of DNA evolution in
this group, and comparing DNA data with
allozyme data.

Details of the natural history of the species
were presented in the preceding paper (Cac-
cone and Sbordoni, 1987) and will not be
repeated here. Twenty-three of the 49 pop-
ulations previously studied (Caccone and
Sbordoni, 1987) were used in the DNA-
DNA hybridization studies. They represent
all nine species of the two genera of the
North American Hadenoecini: Euhade-
noecus adelphus, E. puteanus, E. fragilis, E.
insolitus, Hadenoecus jonesi, H. barri, H.
opilionoides, H. cumberlandicus, and H.
subterraneus. In addition, for the DNA
studies, we include as an outgroup Dolicho-
poda laetitiae. This species belongs to the
European tribe Dolichopodini, which are
considered to be the Hadenoecini’s closest
relatives (Hubbell and Norton, 1978).

The technique of DNA-DNA hybridiza-
tion relies on the fact that double-stranded
DNA becomes single-stranded when heat-
ed. The temperature at which the strands
separate is determined by the fidelity of base
pairing. Thus, homoduplexes (duplex DNA
in which both strands were derived from
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Taste 1. List of all Euhadenoecus, Hadenoecus, and
Dolichopoda populations studied and their three-letter
abbreviations.

E. adelphus (forest-dwelling)

MON; Moonshiner’s Cave, Henderson Co., NC
HIG; Highlands, Macon Co., NC

E. puteanus (forest-dwelling)

HOR; Horse Cave, Meigs Co., OH
SEN; Seneca Caverns, Pendleton Co., WV

E. fragilis (cave-dwelling)
GIL; Gilley Cave, Lee Co., VA
LIP; Lipps Cave, Greenbrier Co., WV
MCL; McClungis Cave, Greenbrier Co., WV
NEW; New Mammoth Cave, Campbell Co., TN

E. insolitus (cave-dwelling)
BEC; Aunt Beck Simmons Cave, Macon Co., TN
IND; Indian Grave Point Cave, De Kalb Co., TN
MAS; Mason Cave, Sumner Co., TN
ARG; Argo Cave, Jefferson Co., AL

H. barri (cave-dwelling)
CUM; Cumberland Caverns, Warren Co., TN

H. cumberlandicus (cave-dwelling)
BAT; Bat Cave, Carter Cave State Park, Carter
Co., KY
HIS; Hisel Cave, Jackson Co., KY
KOG; Koger Cave, Wayne Co., KY
WIN; Wind Cave, Pulasky Co., KY

H. opilionoides (cave-dwelling)
BBC; Big Bone Cave, Van Buren Co., TN
BLF; Blind Fish Cave, White Co., TN
H. subterraneus (cave-dwelling)
MAM; Mammoth Cave, Marion Avenue, Edmon-
son Co., KY
WHE; Wheeler Cave, Logan Co., KY
H. jonesi (cave-dwelling)

LIM; Limrock Blowing Cave, Jackson Co., AL
GRE; Doug Green Cave, Jackson Co., AL

D. laetitiae (cave-dwelling)
DOL; Formello, Rome, ITALY

the same source) melt at a higher temper-
ature than do heteroduplexes (duplex DNA
in which the strands are from different
sources), assuming there is some degree of
genetic differentiation between the sources
(i.e., different populations or species). The
change in melting temperature can be di-
rectly related to base-pair mismatch (Brit-
ten et al., 1974). In addition to fidelity of
base pairing, under most conditions, duplex
stability is also determined by base com-
position: A-T bonds are weaker than G-C
bonds. In the studies presented here, we have
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eliminated the base-composition effect by
using the TEACL method of determining
melting temperatures of DNA, While the
TEACL technique has been used to study
differentiation between sea urchins (Britten
etal., 1978; Hall et al., 1980; Roberts et al.,
1985) and Drosophila (Hunt et al., 1981;
Hunt and Carson, 1983; Powell et al., 1986;
Caccone et al., 1987), the present study is
the most extensive application of this tech-
nique to date.

The power of DNA-DNA hybridization
data to reconstruct phylogenies lies in the
fact that one obtains an overall average di-
vergence across the genome, i.e., over mil-
lions of base pairs. Two of the most im-
portant factors that can lead to inaccurate
phylogenies, selection and chance, are vir-
tually eliminated by the technique. At any
given time, parts of a species’ genome may
be under selection to evolve rapidly, remain
stable, or converge to sequences possessed
by other species. However, such areas of the
genome probably represent a very small part
of the total, so that averaging across the total
genome essentially eliminates misleading ef-
fects of selection. It is also nearly incon-
ceivable that the sequence of millions of
nucleotides would be similar due to chance,
rather than common descent. As Gould
(1985) pointed out, the complexity inherent
in sequences of millions of nucleotides pre-
sents the best chance of distinguishing ho-
mology from analogy. Sibley and Ahlquist
(1983) discuss in more detail the robustness
of data from DNA-DNA hybridization
studies for the construction of phylogenies.

A more controversial issue is whether data
from DNA-DNA hybridization can be used
as a molecular clock. We will address this
issue and conclude that, with the statistical
tests available, the molecular clock cannot
be rejected. Further, in attempting to esti-
mate a calibration for the clock, we con-
clude with Britten (19864) that there is no
single molecular clock that holds across all
taxa. Cave crickets appear to be very rapidly
evolving species (with respect to DNA), at
least as fast as Drosophila and sea urchins.

MATERIALS AND METHODS

Table 1 lists the 24 populations of cave
crickets utilized in this study, together with
their geographic location and a three-letter
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symbol by which they will be referred to
subsequently. All nine species belonging to
the tribe Hadenoecini are represented. The
populations studied have previously been
assayed electrophoretically for gene varia-
tion at the isozyme level, and the infor-
mation on the species’ distribution ranges
and the populations’ geographic locations
are available in the preceding paper (Cac-
cone and Sbordoni, 1987). When more than
one population for each species have been
utilized, the populations chosen have been
the ones that, on the basis of morphology
and isozyme analysis, were representative
of the geographic variation of the species.
H. barri is the only species in which only
one population (CUM) has been analyzed,
due to lack of material.

DNA Extraction and Sonication.—For
each population, DNA was extracted from
10-30 frozen adult crickets belonging to both
sexes. Crickets were ground in a sucrose-
EDTA buffer (Goldring and Peacock, 1977),
and the crude homogenate was passed
through glass wool to remove debris. Nuclei
were pelleted and resuspended in a 0.4 M
EDTA, 10 mM Tris, and 2% sarkosyl, pH
9.5 lysis buffer. After 10 min of incubation
at 65°C, proteins were digested with Pro-
teinase K (100 ug/ml of lysate) for 3 hr at
50°C. After removing debris by centrifu-
gation, CsCl (0.91 g/ml) and ethidium bro-
mide (250 pg/ml) were added to the super-
natant, and the solution was spun to
equilibrium in an ultracentrifuge (36,000
rpm for 48 hr in a Beckman SW50 rotor).
The fluorescent band was collected, and the
ethidium bromide was extracted with bu-
tanol. The DNA was then ethanol precipi-
tated and resuspended in H,O, and its
concentration was measured by spectro-
photometry. Concentrations varied from 1
to 5 ug/pl. The DNA was then sonicated by
using a high-intensity ultrasonic cell disrup-
tor to obtain fragments ranging from 800 to
1,200 bp. These preparations represent the
driver DNASs in each experiment.

DNA Labeling and Tracer Preparation. —
One microgram was removed from the son-
icated solutions and tritium-labeled by nick-
translation (Maniatis et al., 1982). To ob-
tain single-copy DNA, it is necessary to
know the reassociation kinetics of the native
DNA of the organisms under study. In this
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study, it was assumed that the percentage
of repetitive DNA in cave crickets was sim-
ilar to that found in other insects, namely
20-40% (Laird and McCarthy, 1969; Sprad-
ling and Rubin, 1981; Sperlin et al., 1976;
Sohn et al., 1975). Single-copy tracer was
prepared by dissociating the labeled DNA
by heating. This was followed by reassocia-
tion in 0.48 M sodium phosphate buffer at
60°C to a C,t of 50 (moles/liter)sec. Dou-
ble-stranded DNA was removed by absorp-
tion to hydroxylapatite (Britten et al., 1974).
Between 30% and 50% of the DNA bound
to the column. The remaining fraction that
did not bind was collected, dialyzed to re-
move the sodium phosphate, ethanol pre-
cipitated, pelleted by centrifugation, and re-
suspended in 100 nl distilled water. This
fraction constitutes the tracer DNAs. Their
specific activities varied between 1 and 15 x
106 cpm/ug.

Reassociation Conditions and Determi-
nation of Melting Temperatures. —Tracers
were prepared from all the 24 populations,
but, since specific activities varied consid-
erably, not all possible pairwise combina-
tions were studied. However, at least three
melts were performed for each tracer (a
homoduplex and two heteroduplex hybrid
combinations). Methods for analyzing the
thermal stability of duplex DNA molecules
by S1 nuclease digestion in 2.4 M tetra-
ethylammonium chloride (TEACL) are de-
scribed in detail in Hall et al. (1980), Hunt
et al. (1981), and Grula et al. (1982). Ra-
dioactively labeled tracers were reassociat-
ed with an excess of unlabeled driver DNA
(1:1,000) to C,t 6,000 or more in 1 M
TEACL at 45°C. These conditions give a
similar stringency as the one in phosphate
buffer at 60°C (Orosz and Wetmur, 1977),
namely, a base-pair match of about 75% or
greater is required for stable duplex for-
mation. Following reassociation, the duplex
molecules were lightly digested with S1 nu-
clease at 37°C under conditions sufficient to
remove 90% of the single-stranded mate-
rial. An aliquot was saved for determining
the length distribution of the S1-resistant
tracer. The remaining solution was frac-
tionated by Sephadex G-100 chromatog-
raphy using 2.4 M TEACL as the elution
buffer. Percentage reassociation was deter-
mined as the ratio of counts in the fractions
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with intact duplexes to those in fractions
with digested nucleotides.

The Sl-resistant fraction was used for
melting in a temperature block after ad-
justing the TEACL to 2.4 M with a refrac-
tometer. Thermal stability was assayed as
described in Hunt et al. (1981). Briefly, the
samples are divided in 100 ul fractions and
placed in an aluminum block heated by cir-
culating water at either end to give a linear
temperature gradient. After 30 min, tubes
are removed from the gradient and S1-di-
gested (sufficient to give 99% digestion). The
Si-resistent duplexes were precipitated, and
the radioactivities in the supernatant and
pellet were determined by scintillation
counting. The percentage of radioactivity
digested by nuclease S1 is then plotted
against the melting temperatures to deter-
mine the melting curve. For all compari-
sons, a 12-point data set was obtained, and
replicates were carried out for several tem-
perature points (usually three or four). Be-
tween three and nine replicates were per-
formed for the majority of the experiments.

Size Analysis of DNA Fragments. —Size
distribution of the tracers after the first S1
digestion was determined following Hunt et
al. (1981). The aliquots removed after the
first S1 digestion were size-fractionated on
a 3% alkaline agarose gel (McDonnell et al.,
1977) using oligonucleotides obtained by
digestion of pPBR322 with Hinf I restriction
endonuclease as markers. The 7, corrected
for tracer length was calculated using the
formula in Hall et al. (1980).

Statistical Analysis.—Percentage of reas-
sociation and median melting temperatures
are the two statistics commonly used to
measure the degree of thermal stability of
DNA duplexes. Percentage of reassociation
was calculated as the percentage of the tracer
that was not digestible by the first S1 nu-
clease treatment. Since a significant amount
of the tracer is digestible by S1 in the het-
erologous reactions, the reaction percent-
ages in these cases are normalized to that
in the homoduplex, which is defined as 100.
The median melting temperature (the tem-
perature at which 50% of the single copy
DNA that hybridized is dissociated) was de-
termined by linear interpolation of the melt-
ing curves. This was done after having nor-
malized the single-stranded DNA values
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with respect to two controls, one on ice and
one heated to over 85°C, which represent
0% and 100% single-stranded (SS) DNA,
respectively. Heteroduplex curves may start
higher than homoduplex curves, because
some melting occurs at the lowest temper-
atures of the block. Median melting tem-
peratures (¢,,) for the 12-points experiments
and for replicates were averaged and the
associated standard errors were calculated.
These values were corrected by adding the
temperature correction-factor obtained by
the size analysis to produce corrected esti-
mates of thermal stability, here symbolized
as T..’s. Therefore, the symbol ¢, refers to
the uncorrected median melting tempera-
ture, while the symbol T, refers to the same
estimate corrected for the tracer’s length.
For a theoretical and empirical justification
for this correction, see Hall et al. (1980).
The AT, values (i.e., T,, of the homo-
duplex minus T, of the heteroduplex from
the same tracer DNA preparation) provide
a quantitative measure of the overall level
of divergence between the two taxa consid-

_ered. These values were computed for all

the experiments performed, along with their
associated standard errors, by using the for-
mula in Caccone et al. (1987).

Reciprocal comparisons (i.e., two hybrid-
ization experiments with each of the two
taxa used in one reaction as tracer and in
the other as driver) were carried out for most
of the experiments to ensure that no major
technical problems were present (theoreti-
cally they should yield the same results).
Since reciprocity was holding for the vast
majority of the experiments, some compar-
isons were carried out without reciprocals.
The overall average AT, values were com-
puted for comparisons with reciprocal val-
ues, together with their respective standard
errors, using the formula in Caccone et al.
(1987).

A matrix of AT,, values was produced,
using the averages of reciprocals whenever
reciprocal comparisons were carried out or
single values when reciprocals were not per-
formed. This matrix was used for testing
evolutionary rates, using a test available in
the PHYLIP phylogenetic package (Felsen-
stein, 1985). This test compares the residual
sums of squares between two trees of the
same topology, both built by a least-squares
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method (Cavalli-Sforza and Edwards, 1967).
One tree-constructing algorithm assumes
synchrony among lineages; the other does
not. The comparisons are performed
through a simple F test. If the residual sum
of squares obtained from the synchronous
tree (constancy assumed) is not significantly
higher than the asynchronous tree (no con-
stancy assumed), then the hypothesis of
constancy of the rate of divergence cannot
be rejected. Since this test cannot be per-
formed on incomplete matrices, it was nec-
essary to subdivide the principal matrix into
14 complete small matrices. The validity of
generalizing from the smaller matrices to
the principal matrix of AT, values rests on
the fact that all nodes and all branches were
tested at least once. If the hypothesis of syn-
chrony could not be rejected in any of these
smaller matrices, then it is reasonably safe
to draw the same conclusion for the overall
matrix (J. Felsenstein, pers. comm.). Since
the hypothesis of constancy in rates could
not be rejected, the unweighted pair-
group method using arithmetic averages
(UPGMA,; Sokal and Michener, 1958), was
used on the overall matrix to summarize
the phylogeny of the taxa.

RESULTS

Melting Curves and Median
Melting Temperatures

Examples of the melting profiles for hy-
brid DNA molecules between tracer and
driver DNA from the same preparation
(homoduplex) and for four heteroduplex
comparisons with the same tracer are shown
in Figure 1. The Appendix summarizes the
results of all 606 experiments; in each table
(A-X) all the experiments carried out with
a particular tracer are reported. Replicates
were carried out only for the melting curves;
in most cases, only a single value is available
for the fragment sizing and for the percent-
age of reassociation. Three to nine replicates
for each homoduplex were carried out; their
t.’s vary from 55.25°C to 58.24°C, with an
average of 56.26°

The standard errors associated with ¢,
values are around 0.15. The wide range in
¢t values is mainly due to the different sizes
of the tracers, since when these values are
corrected by fragment size (7, in our ter-
minology), their average is 58.75°C with a
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standard error only of 0.12. Theoretically,
perfectly matched duplexesin 2.4 M TEACL
should have a T, around 61°C (Britten et
al., 1978). DNA-DNA hybridization stud-
ies of sea urchins using TEACL (Hall et al.,
1980; Grula et al., 1982) present homodu-
plex T, values around 60°C, but they were
corrected for intrapreparation variability
(heterozygosity) by adding 2°C (Britten et
al., 1978). Considering that the present DNA
preparations were made from populations
of crickets, a similar correction is probably
justified, which could bring the homoduplex
T.’s as high as theoretically expected.

Fragment Size, T,,’s, and AT,,’s

Tracer size ranged around 200-300 base
pairs. As expected, homoduplex tracers were
generally larger than heteroduplex tracers.
We have no explanation as to why hetero-
duplex tracers were occasionally longer than
homoduplex tracers; this may have been due
to variation in driver DNA lengths, which
were not measured. Temperature correc-
tions based on tracer length mostly ranged
between 1.5°and 2.5°C. Heteroduplex com-
parisons in which tracers were longer than
in the respective homoduplex and results
with tracers shorter than 100 bp were in-
cluded in the data set only if reciprocal com-
parisons with duplexes of reliable length
were available and gave similar A7, values.
Replicates of the sizing experiment were
carried out only in a few instances, because
of the large number of cpm’s needed for
each experiment; the temperature correc-
tion in replicate experiments was repeatable
to within 0.3°C.

A good example of the importance of the
size correction is illustrated in the first entry
in Table 4. The reciprocal Ar,’s for HIG
and HOR are 3.82 and 7.97; when corrected
for tracer length the reciprocal AT, ’s are
4.88 and 4.43, with standard errors of 0.12
and 0.27, respectively.

Tables 26 list AT, values, together with
their standard errors. A good test of the re-
liability of AT, for estimating levels of di-
vergence is to check whether reciprocal ex-
periments produce similar results. In Tables
2-6 At,, and AT, values are given as weight-
ed averages, computed as in Caccone et al.
(1987), for cases in which reciprocal com-
parisons were carried out. Since ¢, values
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FiG. 1. Melting curves using MAM (H. subterraneus) as tracer. WHE is a conspecific population. BAT (H.
cumberlandicus) and GRE (H. jonesi) are congeneric populations. ARG (E. insolitus) belongs to the other genus.
Temperatures are on the x-axis; percentage of single-stranded DNA (% S1 Digested) is on the y-axis. Curves
have been drawn “by eye” and are meant to serve only as visual aids.



DNA-DNA HYBRIDIZATION IN CAVE CRICKETS

TaBLE 2. Intraspecific Afy, and ATy, values in species
of the genus Euhadenoecus. For measurements with
reciprocal comparisons, each Aty and ATy, value is
listed together with the weighted average (bar over pop-
ulation designations). N refers to the number of ex-
periments and SE to the standard error.

Atm ATy

Tracer-Driver N C) C) SE
E. adelphus:
HIG-MON 7 3.66 2.35 0.30
MON-HIG 3 2.55 2.16 0.17
HIG-MON 10 2.81 2.20 0.15
E. puteanus:
SEN-HOR 3 2.37 2.51 0.27
HOR-SEN 3 2.14 2.65 0.28
SEN-HOR 6 2.26 2.58 0.19
E. fragilis:
GIL-NEW 6 0.78 0.77 0.19
NEW-GIL 4 0.85 1.06 0.24
GIL-NEW 10 0.81 0.88 0.15
GIL-MCL 6 3.37 3.66 0.22
MCL-GIL 3 4.54 4.89 0.25
GIL-MCL 9 3.87 4.19 0.17
GIL-LIP 6 4.25 4.25 0.34
LIP-GIL 3 4.25 4,72 0.16
GIL-LIP 9 4.25 4.64 0.15
LIP-MCL 9 1.56 2.10 0.23
MCL-LIP 3 2.73 291 0.20
LIP-MCL 12 2.22 2.56 0.15
LIP-NEW 5 3.87 4.12 0.35
NEW-LIP 3 3.64 4.21 0.24
LIP-NEW 8 3.71 4.18 0.20
MCL-NEW 3 441 4,71 0.16
NEW-MCL 5 3.84 3.62 0.29
MCL-NEW 8 4.28 4.46 0.14
E. insolitus:
MAS-IND 4 2.89 3.74 0.43
IND-MAS 6 2.30 3.07 0.34
MAS-IND 10 2.53 3.33 0.27
MAS-BEC 3 0.81 2.08 0.29
BEC-MAS 6 0.87 2.94 0.32
MAS-BEC 9 0.84 2.48 0.21
MAS-ARG 7 4.79 6.04 0.25
ARG-MAS 9 4.54 5.18 0.31
MAS-ARG 16 4.69 5.71 0.19
IND-BEC 4 2.44 2.44 0.46
BEC-IND 3 2.33 4.30 0.21
IND-BEC 7 2.35 3.99 0.19
IND-ARG 3 5.04 6.11 0.46
ARG-IND 6 4.61 5.13 0.23
IND-ARG 9 470 533 021
BEC-ARG 3 4.31 6.49 0.38
ARG-BEC 6 4.65 5.48 0.32
BEC-ARG 9 4.51 591 0.25
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TasBLE 3. Intraspecific Aty and ATy, values in species
of the genus Hadenoecus. Symbols are as in Table 2.

Atm ATm
Tracer-Driver N ¢C) ¢C) SE
H. cumberlandicus:
BAT-HIS 3 1.64 1.39 0.17
HIS-BAT 4 1.22 1.36 0.24
BAT-HIS 7 1.49 1.37 0.14
BAT-WIN 3 4.57 2.45 0.28
WIN-BAT 3 2.22 2.15 0.24
BAT-WIN 6 3.21 2.28 0.18
HIS-KOG 5 3.86 2.73 0.27
KOG-HIS 4 4.62 2.62 0.29
HIS-KOG 9 4.21 2.68 0.19
HIS-WIN 3 3.10 2.40 0.24
WIN-HIS 3 1.54 1.92 0.20
HIS-WIN 6 2.16 2.11 0.15
H. opilionoides:
BBC-BLF 3 3.26 2.24 0.22
H. jonesi:
GRE-LIM 3 0.53 0.51 0.15
LIM-GRE 3 — 0.52 0.21
GRE-LIM 6 0.53 0.51 0.12
H. subterraneus:
MAM-WHE 3 2.35 2.10 0.26
WHE-MAM 3 1.42 2.07 0.25
MAM-WHE 6 1.88 2.08 0.18

are dependent on tracer length, 7, and AT,
values are more accurate and will be con-
sidered in more detail. AT, values are 2.20°C
and 2.58°C between populations of E. adel-
phus and E. puteanus, respectively. Among
the four populations of E. fragilis, AT,’s
varied from as little as 0.88°C to 4.64°C.
Comparable variation occurs among E. in-
solitus populations, where values range from
2.48°C to 5.91°C (Table 2). Considering
Hadenoecus, among the four populations of
H. cumberlandicus AT,’s range from 1.37°C
to 2.68°C. The two populations of H. jonesi
have the smallest AT, (0.51°C), while a
much higher AT, is found between the two
H. opilionoides (AT, = 2.24°C) and H. sub-
terraneus (AT,, = 2.08°C) populations (Ta-
bie 3).

Interspecific comparisons within the ge-
nus Euhadenoecus (Table 4) produced AT ,’s
ranging from 4.44°C to 4.92°C between E.
adelphus populations (HIG and MON) and
E. puteanus populations (HOR and SEN).
AT,’s of any of these four populations with
any of the four populations of E. fragilis
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TaBLE 4. Interspecific Aty and ATy, values for the TasLe 5. Interspecific Aty and ATy, values for the

genus Euhadenoecus. Symbols are as in Table 2. genus Hadenoecus. Symbols are as in Table 2.
Al AT At ATp,
Tracer-Driver N °C) C) SE Tracer-Driver N O (“C) SE
HIG-HOR 6 3.82 4.88 0.12 CUM-BBC 3 2.95 2.72 0.24
HOR-HIG 4 7.97 4.43 0.27 CUM-BAT 3 4.22 4.08 0.32
HOR-HIG 10 4.48 4.81 0.11 CUM-HIS 2 5.00 4.64 —
HIG-SEN 6 347 492 010  CUM-MAM 3 597 552 031
SEN-MON 6 4.70 4.44 0.23 CUM-GRE 6 7.42 7.44 0.40
HIG-MCL 4 6.01 6.84 0.20 BAT-BBC 3 4.39 4.27 0.21
MCL-HIG 5 9.89 6.83 0.16 BBC-BAT 4 4.55 4.34 0.27
HIG-MCL 9 748 683 0.16 BAT-BBC 7 445 430 017
HIG-NEW 3 5.82 6.66 0.19 BAT-MAM 3 6.62 6.38 0.40
NEW-HIG 7 8.88 6.14 0.25 MAM-BAT 4 5.84 5.66 0.19
HIG-NEW 10 6.91 6.47 0.15 BAT-MAM 7 5.98 5.79 0.17
SEN-NEW 4 8.18 6.92 0.18 HIS-BBC 4 4.13 3.93 0.19
HIG-ARG 3 8.37 8.85 0.12 BBC-HIS 3 4.77 3.69 0.29
ARG-HIG 4 12.78 8.55 0.20 HIS-BBC 7 4.32 3.86 0.16
HIG-ARG 7 9.46 8.77 0.10 HIS-WHE 3 5.30 5.01 0.29
HIG-IND 4 7.21 8.70 0.17 WHE-HIS 3 5.59 5.29 0.22
IND-HIG 3 11.70 8.43 0.26 HIS-WHE 6 5.48 5.19 0.17
HIG-IND 7 8.62 861 0.14 HIS-GRE 3755 175 017
HIG-MAS 4 7.55 8.62 0.27 GRE-HIS 3 7.27 7.17 0.11
MAS-HIG 4 11.14 8.66 0.26 HIS-GRE 6 71.35 7.33 0.09
HIG-MAS 8 941 8.64 0.19 HIS-LIM 3 8.51 8.29 0.14
MON-ARG 2 8.72 8.28 —_ LIM-HIS 3 8.19 6.80 0.32
ARG-MON 3 9.60 8.29 0.25 HIS-LIM 6 8.46 8.06 0.13
MON-ARG 5 9.16  8.28 - KOG-MAM 4 612 598 030
SEN-IND 3 14.80 8.35 0.20 BBC-MAM 3 6.54 5.28 0.32
SEN-MAS 4 15.38 8.34 0.20 MAM-BBC 4 5.88 5.58 0.17
MAS-SEN 5 8.37 8.12 0.26 BBC-MAM 7 6.03 5.51 0.15
SEN-MAS 9 12.66 8.25 0.16 BBC-WHE 4 5.98 5.18 0.26
HOR-ARG 5 9.42 7.91 0.30 WHE-BBC 4 5.40 5.92 0.25
ARG-HOR 4 9.46 8.56 0.24 BBC-WHE 8 5.68 6.57 0.18
HOR-ARG 9 9.44 8.30 0.19 BBC-GRE 3 8.51 7.50 0.36
HOR-IND 4 11.27 8.87 0.24 GRE-BBC 5 7.53 7.00 0.20
GIL-SEN 5 6.83 6.53 0.18 BBC-GRE 8 7.76 7.12 0.17
GIL-ARG 4 8.84 8.36 0.23 BBC-LIM 3 8.48 8.08 0.29
MCL-HOR 4 8.10 7.50 0.31 LIM-BBC 3 5.10 7.16 0.21
MCL-SEN 4 7.74 7.51 0.19 BBC-LIM 6 6.24 7.47 0.17
MCL-IND 4 823 7.83  0.17 BLF-MAM 2 592 473 -
MCL-MAS 4 8.36 8.34 0.27 GRE-MAM 4 7.89 7.05 0.14
MAS-MCL 2 8.23 7.87 0.31 MAM-GRE 4 7.52 7.78 0.26
MCL-MAS 7 8.30 8.14 0.20 GRE-MAM 8 7.81 7.21 0.12
NEW-HOR 4 6.92 6.61 0.34 LIM-MAM 3 7.81 8.38 0.39
NEW-IND 4 9.83 8.19 0.23
NEW-MAS 5 7.63 7.63 0.24
MAS-NEW 4 8.33 8.45 0.28
NEW-MAS o 792 798 o018 (GIL, LIP, MCL, and NEW) range from
MAS-HOR 5 8.55 8.22 0.32 6.47°C to 7.51°C. Comparisons among all
MAS-MON 4 9.25 8.65 0.25 eight of the preceding populations and the
ARG-MCL 4 822 827 0.22 four populations of E. insolitus (BEC, IND,

MAS, and ARG), yield AT ’s ranging from
7.83°C to 8.87°C (Table 4). Within Ha-
denoecus, the lowest interspecific AT,
(2.72°C) is found between one of the H. opi-
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TaABLE 6. Intergeneric Aty and ATy, values between
Hadenoecus, Euhadenoecus, and Dolichopoda. Sym-
bols are as in Table 2.
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TaBLE 7. Averages of standard errors (SE) for differ-
ent ranges of ATy, values. N refers to the number of
ATy, values in that range.

Tracer-Driver N Aty ATm SE Range of ATy N Mean SE
HIS-HIG 3 11.18 9.87 0.25 0-0.9 2 0.13
HIS-MON 3 1180 11.19  0.15 1.0-1.9 1 0.14
HIS-GIL 3 973 988 019 %8:%3 1 o
GIL-HIS 3 10.18 10.02 0.12 4:0_4'9 9 0.18

HIS-GIL 6 1004 998  0.10 5.0-5.9 9 021
HIS-MCL 3 11.05 10.64 0.20 6.0-6.9 5 0.20
HIS-ARG 3 12.16 11.41 0.29 7.0-7.9 9 0.20
WIN-MON 2 1105 1029  — 8.0-8.9 16 8-§§
BBC-ARG 3 1148 978 0.8 FrSee S TS
ARG-BBC 2 10.97 10.45 — 11.0-11.9 5 0.22

BBC-ARG 5 11.22 10.11 - 17.0-19.0 2 0.43

GRE-MON 6 10.20 9.53 0.32
GRE-GIL 4 10.50 10.07 0.40
GIL-GRE 3 10.05 9.91 0.21

GRE-GIL 7 10.15 994  0.18 lists the average of the standard errors in
GRE-ARG 4 1298 10.58  0.26 different ranges of AT, values. Standard

MAM-ARG 3 13.77 10.76  0.20 errors vary from 0.13 to 0.23 over a wide
HIG-BAT 3 9.47 10.96  0.10 range of AT ,’s (0.1-11.9). The only excep-
MCL-BAT 4 9.72 9.70  0.18 tion (AT, range: 17.0-19.0; average SE =
ARG-BAT 8 8.63 9.29  0.38 0.43) involves comparisons of Hadenoecini
DOL-BAT 3 1998 1876  0.55 with the European outgroup, D. laetitiae.
BAT-DOL 1 19.05 17.38 - This result is not unexpected, since such

DOL-BAT 4 19.51 18.07 - high values of AT, are close to the reliability
DOL-MON 3 1774 1758  0.32 limits of this measure. These low standard
DOL-WIN 2 18.71 17.28 - errors make it possible to discriminate

lionoides populations (BBC) and the H.
barri population (CUM). When populations
of either species (BBC, BLF, and CUM) are
hybridized with any of the four H. cumber-
landicus populations (BAT, HIS, KOG, and
WIN), AT,, values range from 3.86°C to
4.64°C. AT,’s between any of the preced-
ing populations and either of the two pop-
ulations of H. subterraneus (MAM and
WHE) range from 4.73°C to 5.98°C. When
the two H. jonesi populations (GRE and
LIM) are hybridized with any congeneric
population, the T..’s range from 7.12°C to
8.38°C (Table 5).

AT,’s between populations belonging to
different genera of the Hadenoecini (only H.
barri is missing) range from 9.29°C to
11.41°C. AT,’s between populations be-
longing to either Hadenoecini genus and the
outgroup, D. laetitiae, range from 17.28°C
to 18.07°C (Table 6).

Standard errors of all these estimates are
low. They vary from 0.09 to 0.34. Table 7

among populations within all the species
studied and to assess the interspecific and
intergeneric relationships with no ambigu-
ities. However, it should be pointed out that
these standard errors are minimum esti-
mates, since they refer only to the error as-
sociated with the temperature gradients.
They do not take into consideration other
sources of error, such as the first S1-nuclease
digestion or the fragment sizing.

Tree Clustering and Evolutionary
Clock Test

Felsenstein’s (1984) test was run on 14
complete matrices extracted from the main
data set of AT ’s to study evolutionary rates
in these cave crickets. These represent all
the complete matrices in the data set, i.c.,
no selection of matrices was performed. All
branches and nodes were included. The ma-
trices tested were: 1) the full 4 x 4 AT
matrix of the E. insolitus populations, to
test rates within this species; 2) the full 4 x
4 matrix of the E. fragilis populations, to
test rates within this species; 3) a 4 X 4
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matrix with HIG, MON, SEN, and MAS,
to test rates among E. adelphus, E. putea-
nus, and E. insolitus; 4) a 4 X 4 matrix with
HOR, SEN, HIG, and MAS, to test the same
node with different populations; 5)a 4 x 4
matrix with HIG, HOR, NEW, and IND,
to check rates among E. adelphus, E. pu-
teanus, E. fragilis, and E. insolitus, 6)a 3 x
3 matrix with HIG, MCL, and ARG, to test
the same node as matrix 5 but with different
populations; 7) a 4 X 4 matrix with CUM,
BAT, HIS, and BBC, to test rates among H.
barri, H. cumberlandicus, and H. opilio-
noides; 8) a 4 x 4 matrix with GRE, LIM,
MAM, and BBC, to test rates among H.
Jonesi, H. subterraneus, and H. opilionoides;
9)a 3 x 3 matrix with BBC, BLF, and MAM,
to test the rate between H. opilionoides and
H. subterraneus; 10) a 4 X 4 matrix with
CUM, BBC, BAT, and MAM, to test rates
among H. barri, H. opilionoides, H. cumber-
landicus, and H. subterraneus; 11)a 5 x 5
matrix with BAT, HIS, MCL, ARG, and
HIG, to test rates between the two genera,
using H. cumberlandicus, E. fragilis, E. in-
solitus, and E. adelphus; 12) a 3 x 3 matrix
with ARG, HIS, and GRE, to check the
same node as matrix 11, but with E. inso-
litus, H. cumberlandicus, and H. jonesi; and
13 and 14) two 3 X 3 matrices with DOL,
BAT, and WIN, and DOL, MON, and WIN,
respectively, to check rates between both
North American genera and the outgroup.

For each of these matrices, several tree
topologies were obtained by successive runs
of two programs in the PHYLIP package:
“Kitsch,” which assumes equality in sister
branch lengths (i.e., molecular clock), and
“Fitch,” which does not. The distance al-
gorithm used was that of Cavalli-Sforza and
Edwards (1967), since standard errors do
not increase with greater AT, values (Table
7) (Felsenstein, 1984). The residual sums of
squares between trees having the same to-
pology were compared with an F test. In all
cases the null hypothesis holds; the increase
in the residual sum of squares (resulting from
the reduced number of parameters that the
synchronous-tree algorithm utilized) is not
significant. Thus, the molecular clock hy-
pothesis (synchrony of rates of change in all
branches) cannot be rejected. While one may
argue that using reduced matrices is not a
powerful test of overall constancy, the fact
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that none of the 14 matrices tested was sig-
nificant (by the one out of 20 criterion) adds
confidence in accepting the assumption.
Furthermore, the methodology for testing
incomplete matrices that has recently been
developed (Sheldon, 1987) was applied to
these data with the same result, i.e., syn-
chrony could not be rejected (Powell and
Caccone, unpubl.). On the basis of these
results UPGMA dendrogram has been con-
structed assuming average values for the
missing entries (Fig. 2).

Percentage Reassociation

Percentage reassociation, like the AT,
should reflect degree of genetic divergence
(Sibley and Ahlquist, 1981; Britten, 1986a).
The percentage reassociation of homodu-
plexes ranges from 70.4% to 98.6%. The
normalized percentage reassociation (NPR)
for intraspecific heteroduplexes ranged from
63.5% to 100%; for interspecific heterodu-
plexes the range was 27-96.6%; for inter-
generic heteroduplexes the range was 40.0—
64.5%. The NPR between the North Amer-
ican and European species is 41.8%.

Unfortunately, repeatability of this sta-
tistic is not as good as for T',,. We performed
replicate reassociation reactions for 12
homoduplex and 12 heteroduplex compar-
isons. For five of these comparisons, three
to five replicates were performed; standard
errors of percentage reassociation ranged
from 0.5% to 8.6%. For 19 of the compar-
isons, only two determinations were made;
the differences ranged from 0.04% to 20.5%
with a mean of 7.8%. Thus the error asso-
ciated with this statistic for any single mea-
surement is on the order of 10%.

Despite these problems, the pattern of
NPR is far from random: the more distantly
related the two taxa are, the lower the NPR.
Figure 3 is a graph of NPR against AT ,,.
Clearly, as the AT, increases, NPR de-
creases. The slope of the linear-regression
line is —4.48 for cave crickets, not including
the intertribal point. This near linearity of
relationship has been observed in other
groups (e.g., Schulze and Lee, 1986).

Another aspect of genome evolution that
may be reflected in NPR is change in ge-
nome size. When reciprocal reactions give
asymmetrical NPR’s, one can infer a dif-
ference in the size of the single-copy fraction
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Fig. 2. UPGMA tree based on the AT, values among the 24 populations of cave crickets. For each node,
the average AT, are reported together with the number of comparisons (r) carried out for that node.

(R. Britten, pers. comm.). For example the
BAT-BBC NPR is 88.5% and that for BBC-
BAT is 60.2%, giving a ratio of 0.68, which
suggests the single-copy DNA content of
BAT is 32% less than BBC. One can do this
for all of the reciprocal cases and rank the
DNA content. The resulting data are rea-
sonably consistent. However, because we are
not certain of the reliability of these esti-
mates, we have not presented the graphs
here. Nevertheless, there is clear indication
in these data of quite large variation in sin-
gle-copy genome size among these very
closely related insects.

Single-Copy Divergence Versus
Isozyme Divergence

Figure 4 compares AT ,,’s (x-axis) with es-
timates of divergence (Nei’s D; y-axis) based
on the isozyme study (Caccone and Sbor-
doni, 1987) for the same pairwise compar-
isons. For intra- and interspecific compar-
isons, Nei’s D values of as little as 0.05 can
correspond to a AT, as high as 2. More
generally, however, it scems that a D of 0.1

corresponds to a AT, of about 1.5°. For the
intergeneric comparisons, this correspon-
dence does not hold; Nei’s D’s from 1 to
1.7 correspond to a smaller range of AT ’s
(10-12°C). This result is not unexpected,
since it is known that values of Nei’s D above
1 suffer a saturation effect and therefore are
unreliable, even as indicators of isozyme
divergence. Alternatively, and not mutually
exclusively, AT, may be slowing as a metric
due to low NPR and approach to the limit
of reliability of measurement.

Nei’s genetic distance can be roughly
translated to percentage of base-pair differ-
encers. If an average gene length of 1,000
bpis assumed and that one in five bp changes
results in a change in the net electric charge
of a protein (Powell, 1975), then 1D trans-
lates to 0.05% bp differences. Since in this
study a D value of 0.1 corresponds to at
least 1.5% single-copy divergence (the issue
of the conversion of AT, to percentage of
base-pair mismatch will be discussed later),
genetic divergence estimates based on iso-
zymes are roughly 30 times smaller than
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Fi1G. 3. Relationship between AT, values (x-axis)
and normalized percentage reassociation (NPR; y-axis)
for cave crickets, Drosophila (Schulze and Lee, 1986),
and herons (Sheldon, 1986). AT,,’s were grouped into
3°C intervals: 1-3, 3-6, etc. The mean T, and mean
NPR for that interval are plotted. Numbers near points
refer to the number of values averaged for that interval.

estimates of divergence based on single-copy
DNA sequence. Britten (19865) has reached
similar conclusions for sea urchins and Dro-
sophila. Admittedly, these estimates are
based on many assumptions. Nevertheless,
the conclusion that coding sequences are
conservative relative to total DNA is con-
sistent with DNA sequence data (e.g., Coyne
and Kreitman, 1986; Ashburneret al., 1984).

DiscussioN
AT,,, Percentage Mismatch, and NPR

The first issue to be addressed is the con-
version of AT,, to percentage of base-pair
mismatch. Generally this conversion is tak-
en to be 1:1, i.e., a AT,, of 1°C corresponds
to 1% base-pair mismatch (Britten et al.,
1974; Britten, 1986a). Recent data from this
laboratory indicate that a AT, of 1°C rep-
resents 1.5-2% mismatch (Powell et al.,
1986; unpubl.). However, for the discussion
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Fic. 4. Relationship between AT, values (x-axis)
and allozyme genetic distances (Nei, 1972) for 23 North
American cave cricket populations.

here, we will adopt the more conservative
1:1 conversion, bearing in mind that the
accuracy of this conversion is not settled.
Unlike some workers, we have chosen to
present AT, and the NPR values separately.
It is important to note that the T, as we
use it, is different from what other workers
have called “T median” (Britten, 1986a) or
TsoH (Sibley and Ahlquist, 1983). Our 7’s
are calculated as the median melting tem-
perature of duplexes that are formed. The
percentage of reassociation does not enter
into the calculations; i.e., sequences that are
so divergent that they do not form stable
duplexes under the reassociation conditions
(75% match required) are not considered.
The T median and T5,H as used by Britten
and by Sibley and Ahlquist combine the
NPR and AT,, to obtain an estimate of the
median melting temperature of all se-
quences, including those that did not reas-
sociate. Clearly, then, our AT, is a conser-
vative measure of divergence compared to
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measures based on the 7 median or T5oH;
AT, is dependent on a relatively slowly
evolving portion of the genome.

The conservativeness of AT, is evident
from Figure 3. The slope of the line for the
cricket data indicates that for each degree
increase in AT,,, the NPR drops by 4-5%.
It is interesting to note that the linearity of
the relationship drops off for distant com-
parisons, i.e., the comparisons of North
American with European species. This im-
plies that there may be a fraction of the
genome that is conserved; it may be the
portion of the genome that makes a cricket
a cricket. From Figure 3 this portion would
appear to be around 40%. However, this
interpretation of the data should be taken
with caution, as the 40% that is still hy-
bridizing in this case has a AT, of 18°C,
which means it is approaching the point
where it would no longer hybridize under
the stringency used.

There are two, not mutually exclusive,
explanations for the decrease in NPR. One
is that there is a fraction of the genome that
is highly variable and evolving rapidly. Al-
ternatively, the lower NPR may be due to
insertion/deletion differences between tracer
and driver. The asymmetry in NPR for re-
ciprocal hybridizations discussed in the Re-
sults indicates that there are fairly large ge-
nome-size differences among these taxa,
even among populations of the same species!

It is also of interest to note that the drop
in NPR for a given AT, is greater for insects
than for birds (Fig. 3). Drosophila have the
fastest rate of decrease: an increase of 1°C
AT, is accompanied by a 7% decrease in
NPR. For birds, a AT, of 1°C is associated
with only 1-2% decrease in NPR. Thus, not
only is the rate of evolution of DNA differ-
ent in different taxa (Britten, 1986a), but
even the dynamics or mechanisms of change
are different. These differences may be due
to the relative rates of point mutations (re-
flected primarily in AT,)) and rates of in-
sertion/deletions, changes in genome sizes,
and/or proportion of the genome that is free
to be highly variable (reflected primarily in
decreased NPR).

Phylogenies and Rates

With a few exceptions, the pattern of
branching derived from DNA-DNA hy-
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bridization data (Fig. 2) agrees with that ob-
tained by isozyme analysis (Caccone and
Sbordoni, 1987 fig. 3) and, to a lesser degree,
with that obtained from morphological con-
siderations (Hubbell and Norton, 1978). For
the genus Euhadenoecus, all three ap-
proaches arrive at the same conclusion: the
two forest-dwelling species (E. adelphus and
E. puteanus) are most closely related, with
E. fragilis clustering next and with E. in-
solitus the furthest diverged. In the case of
Hadenoecus, the results of these approaches
are not so congruent. Based on morpholog-
ical and biogeographical considerations,
Hubbell and Norton (1978) placed H. cum-
berlandicus and H. subterraneus in a clade
separate from the other three species. Both
the isozyme dendogram (Caccone and Sbor-
doni, 1987) and the AT, dendogram (Fig.
2) separate H. subterraneus and place H.
cumberlandicus with the other species.
However, isozymes and AT, disagree with
respect to the placement of H. jonesi. The
isozyme analysis placed H. jonesi in the
barri-opilionoides-cumberlandicus clade,
whereas AT, values indicate that it is the
most distant of all the species of the genus
and that it separated first.

Which of the phylogenies is correct? While
the technique of DNA-DNA hybridization
has come under attack (Farris, 1985; Cra-
craft, 1985; Templeton, 1985) good counter
arguments can be made for its power (Gould,
1985; Sibley and Ahlquist, 1983). Further-
more, the data presented here refute many
of the criticisms of the technique: the re-
peatability of the technique is very good
(note the small standard errors) and reci-
procity (in the case of AT ) is very good. T.
H. Hubbell, the foremost systematist of these
crickets, has agreed that the phylogeny in-
dicated by the DNA-DNA hybridization
data is compatible with morphological con-
siderations (pers. comm.).

We have used the least-squares method
(Felsenstein, 1984) to test whether the AT,
values used to construct the dendogram in
Figure 2 change synchronously or asyn-
chronously in the different branches, i.e., is
there a clock? Because the data set is not a
complete matrix, 14 subsets of the data
which represent complete matrices were
tested (see Results). All nodes and all
branches were tested at least once. In no
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case out of 14 tests did the asynchronous
model give a significantly better fit than the
synchronous model; thus, we cannot reject
the clock hypothesis.

Given that the AT,, values behave as a
clock, can we calibrate it with some absolute
measure of time? Based on morphological,
geological, and biogeographical consider-
ations, Hubbell and Norton (1978) suggest-
ed that the two genera (Euhadenoecus and
Hadenoecus) separated sometime in the
Pliocene (2-7 MY ago) and that the specia-
tion events within the genera occurred in
the early Pleistocene (<2 MY ago). If this
is true, these crickets are among the fastest
evolving (with respect to DNA) organisms
yet studied. The least related species within
the genera have AT,’s of 7°C-8°C. Could
this degree of divergence occur within 2 MY?
It is difficult to assess the real significance
of this, given that within-species divergence
may be up to 5°C AT,. Nevertheless, all
indications are that cave crickets are rapidly
evolving relative to birds and primates, for
which a AT, of 1°C has been estimated to
correspond to 4-5 MY since the last com-
mon ancestor (Sibley and Ahlquist, 1984).
Rates in invertebrates (Drosophila and sea
urchins) have been estimated to be about
five times this rate, i.e., a AT, of 1°C in-
dicates 0.5-1.5 MY of divergence (Britten,
1986a; Powell et al., 1986). Given the un-
certainty of dating speciation events, the
safest conclusion is that cave crickets are
evolving relatively rapidly, at a rate that is
probably similar to the rates in other in-
vertebrates.

Taxonomic Considerations

Sibley and Ahlquist (1983) have amassed
a very large data set of AT'soH’s among thou-
sands of species of birds. They have pro-
posed that data from DNA-DNA hybrid-
ization experiments are quite consistent with
taxonomic levels (Sibley and Ahlquist,
1983): AT;,H’s between genera range from
0°C to 5°C; those between tribes range from
5°C to 7°C; those between families range
from 9°C to 11°C; and those between su-
perfamilies range from 13°C to 15°C. Ob-
viously, such correspondence does not oc-
cur in cave crickets. Species of the same
genus of cave crickets may differ by as large
a AT,, as the AT,,H between families of
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birds. Recall that AT, is a relatively con-
servative estimate of divergence compared
to ATsoH. Drosophila are similar to crickets
in this regard: AT,’s among species of this
genus may be 10°C or more with very low
NPR (Schulze and Lee, 1986; Zwiebel et al.,
1982; Fig. 3).

Given this rapid rate of DNA divergence
in invertebrates (i.e., cave crickets, Dro-
sophila, and sea urchins), how useful can
DNA-DNA hybridization be in recon-
structing higher-category phylogenies? This
will depend on the particular group being
considered. For example, it is unlikely to be
useful above the genus level with Drosoph-
ila, whereas with the present data, compar-
ison of tribes was possible. However, it
seems unlikely that it will be possible to
extend the technique to levels that are pos-
sible with vertebrates. Measurement of AT,
above 15°-20°C becomes unreliable. Fur-
thermore, considering the relatively rapid
rate of decline of NPR with AT, (Fig. 3),
one begins to lose one of the advantages of
the technique: average divergence at less and
less of the total genome is being measured.

Isozymes Versus AT,

As expected, there is a fairly good cor-
relation between genetic distance as mea-
sured by isozyme electrophoresis and DNA-
DNA hybridization (Fig. 4). However, the
correlation is not perfect. This may lead to
discrepancies in phylogenies based on the
two sets of data (compare fig. 3 of Caccone
and Sbordoni [1987] with Fig. 2). When such
discrepancies arise, which is more reliable?
For two reasons, we argue that the DNA-
DNA hybridization data probably reflect the
true phylogeny more reliably. First, differ-
entiation over more of the genome is being
measured. Second, the type of differentia-
tion being measured by isozyme analysis
(amino acid replacements) may be more
subject to selection than are most base
changes.

While in theory Nei’s D and AT,, are
measuring the same thing (genetic differ-
entiation), they are based on different types
of data. D is based on allele-frequency dif-
ferences as determined by studies of indi-
viduals. AT, in the present case, is based
on sequence divergence between DNA pre-
pared from different populations. Thus, the
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less-than-perfect correspondence of the two
measures is not surprising. Another possible
source of discrepancy between the two tech-
niques might involve the average hetero-
zygosity at isozyme loci and the T, of DNA
prepared from a population. The most ex-
treme differences in isozyme heterozygosity
in the present study are between either of
the parthenogenetic populations (BEC and
BAT) with low heterozygosity and all the
rest (Caccone, 1986). Yet the T,’s for DNA
from the parthenogenetic populations are
not higher than those for the sexual popu-
lations (Appendix).

Conclusions

Several conclusions may be drawn from
this study. 1) Cave cricket DNA is evolving
at a very rapid rate, at least as rapid as in
other invertebrates (i.e., Drosophila and sea
urchins) and perhaps even faster. The AT,
as we use it is relatively conservative. There
also appears to be rapid change in genome
size, as reflected in the asymmetry of NPR’s
for reciprocal comparisons. 2) The phylog-
eny derived from DNA-DNA hybridization
data generally agrees with that derived from
morphology and isozymes. Where discrep-
ancies arise, we argue the DNA data are
probably more reliable. 3) To the best of
our ability to test statistically for asyn-
chrony, we could not reject the molecular-
clock hypothesis. 4) Compared to verte-
brates, high AT,’s occur at much lower
taxonomic levels in cave crickets. Consid-
erable variation exists even within species;
in birds, this variation would be typical of
different genera. 5) AT,, and Nei’s D for
isozymes are correlated, though not per-
fectly. For crickets the relationship is that
a D of 0.1 corresponds to a AT, of about
1.5°C. This indicates that protein-coding re-
gions of the genome are evolving at a much
slower rate than the average rate for total
single-copy DNA.
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