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Convergent Morphological Evolution Detected by Studying

Proteins of Tree Frogs in the Hyla eximia Species Group

Abstract. Protein studies have uncovered an apparent case of convergent evolu-
tion among North American tree frogs. The species Hyla eximia and Hyla regilla
are so similar in external morphology that the “wrightorum” subspecies is assigned
by some authorities to H. eximia and by others to H. regilla. Yet microcomple-
ment fixation experiments show that “wrightorum” albumin, though virtually
indistinguishable from authentic H. eximia albumin, differs as much from
H. regilla albumin as from albumins of species outside the genus Hyla, such as
Acris crepitans. The morphological resemblance of “wrightorum” to H. regilla

is thus probably due to convergence.

Protein studies can uncover cases of
convergent anatomical evolution be-
cause protein evolution and anatomical
evolution proceed independently (I-4).
We describe here a case of convergent
evolution in frogs.

Although frog fossils are known from
rocks 150 million years old (5), living
frogs (order Anura) are exceedingly uni-
form in anatomy and way of life. De-
spite the many speciation events re-
sponsible for the existence today of
thousands of frog species, frogs have
retained much the same way of life for
150 million years (6). Frogs are so
alike in anatomy and way of life that
it is very difficult for zoologists to
detect convergent evolution within the
order. Nevertheless, some notable cases
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of convergence are established. Tree
frogs, for example, have evolved sev-
eral times independently from ground-
dwelling frogs (5). This happened both
in the New World, where a bufonoid
stock gave rise to the tree frog family
Hylidae, and in the Old World, where
ranoid frogs gave rise to the tree frog
family Rhacophoridae (5). The anatom-
ical similarities among convergent tree
frogs are so great, however, that when
a distinguished zoologist was confronted
not long ago with a rhacophorid, mis-
labeled as coming from Brazil, he mis-
classified it as a new hylid (7).

We now present evidence for a case
of convergent evolution among North
American tree frogs of the genus Hyla.
These animals have been classified into

several species groups (8) on the basis
of external morphology, skin color and
pattern, osteology, and mating calls of
adults, as well as larval morphology
and, in some cases, potential for inter-
specific hybridization. This report deals
with the eximia species group. As de-
fined by Blair (9) and Duellman (10),
this group includes seven or eight
species, of which we have studied the
following four: H. eximia, H. euphor-
biacea, H. regilla, and H. cadaverina.
Our interest in this species group arose
from a disagreement which has devel-
oped over the taxonomic placement of
an Arizona population, referred to here
as the “wrightorum” subspecies. Duell-
man (10) assigned “wrightorum” to H.
eximia, although a quantitative study of
external morphology led Jameson et al.
(1) to assign it to H. regilla. Our pro-
tein studies indicate that the morpho-
logical resemblance of “wrightorum” to
some subspecies of H. regilla is due to
convergence.

We compared the serum albumins of
these species as well as other North
American hylids by a quantitative im-
munological approach. Serum or plasma
samples were obtained from representa-
tives of the frog species listed in Table
1. Albumin was purified from two of
them (“wrightorum,” Apache County,
Arizona and H. regilla hypochondriaca,
Contra Costa County, California) by
preparative polyacrylamide gel electro-
phoresis (12) and injected into groups
of three or four rabbits. After a 3-
month period of immunization by a
published method (2), antiserums were
collected, pooled in inverse proportion
to their microcomplement fixation titers,
and tested for purity by several of the
methods outlined by Arnheim and Wil-
son (13). Each antiserum pool was then
tested for reactivity with the unpurified
albumin present in serum from each of
the species listed in Table 1. Reactivity
was measured by the quantitative micro-
complement fixation method (I4). The
results are given in immunological dis-
tance units, which are defined elsewhere
(14-16). Immunological distance (y) is
generally related to percentage differ-
ence in amino acid sequence (x) by the
equation y = 5x (14, 16, 17). For the
particular case of albumin, there is
direct empirical evidence that each unit
of immunological distance is roughly
equivalent to one amino acid substitu-
tion (18).

We worked with albumin, not only
because of considerable experience in
our laboratory with the study of species
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differences in this protein (/, 2, 15, 19—
21), but also because albumin evolves
faster than most other proteins. Where-
as the average rate of protein evolu-
tion is one amino acid substitution per
100 residues per 107 years (22), that of
albumin appears to be twice as fast
(23). Albumin is also nearly twice as
large as the average protein, having
about 580 amino acids in a single
polypeptide chain (24). For these rea-
sons, it is a useful protein for detecting
sequence differences among closely re-
lated species.

Although we studied primarily al-
bumin in these tree frogs, protein evolu-
tion proceeds with sufficient regularity
(25) to make us confident that species
whose albumins differ greatly will also
differ substantially at other loci as well
(26). There is evidence for a strong
correlation (r=.8) between albumin
immunological distance and other mea-
sures of genetic distance (3, 27). Hence,
we believe that the immunological dis-
tance results given below are indica-
tive of the genetic distances among the
species compared.

The immunological results in Table 1
show that antiserum to the albumin of
“wrightorum” reacted very strongly with
the albumins of authentic H. eximia and
H. euphorbiacea but far less strongly
with the albumins of various H. regilla
subspecies and H. cadaverina. Con-
versely, antiserum to the albumin of
one subspecies of H. regilla reacted
very strongly with the albumins of all
other subspecies of H. regilla tested and
rather strongly with H. cadaverina al-
bumin, but rather weakly with the al-
bumins of H. eximia, “wrightorum,”
and H. euphorbiacea.

It is inferred that the albumins of
“wrightorum,” H. eximia, and H. eu-
phorbiacea differ from each other by a
very small number of amino acid sub-
stitutions. Likewise, the various sub-
species of H. regilla probably differ
from the reference subspecies (H. regilla
hypochondriaca) in albumin sequence
by an average of only about two substi-
tutions. However, roughly 75 amino
acid differences may exist between the
albumins of H. regilla and “wrighto-
rum.”

The large antigenic difference be-
tween the albumins of H. regilla and
“wrightorum” is comparable in mag-
nitude to that between these two spe-
cies and species belonging to other
species groups or even to other genera
(see Table 1). Acris crepitans, for ex-
ample, is representative of a North
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American hylid lineage that abandoned
the tree frog niche and diverged con-
siderably in anatomy and way of life
from other North American hylids (10).
Yet Acris albumin is as similar to that
of “wrightorum’ as is that of H. regilla
(see Table 1).

The morphological similarity between
“wrightorum” and some subspecies of
H. regilla probably arose by convergent
evolution. Alternatively, the similarity
could be due to retention of morpho-
logical features present in their common
ancestor; in other words, these frogs
could be “living fossils.” To distinguish
between these two possibilities, we con-
structed a phylogenetic tree for some
of the species represented in Table 1.

Fig. 1. Phylogenetic tree for the albumins
of some North American hylids. The tree
depicts the probable order of branching of
lincages and their possible divergence
times. Distance on the vertical axis has no
evolutionary significance. The method of
tree construction, devised by R. D. Max-
son and L. R. Maxson (/2), is based on
those of Fitch and Margoliash (30) and
Farris (3/). As a reference albumin, from
a species that is phylogenetically outside
this group of North American hylids, we
used that of the Australian hylid Litoria
aurea. The conjectural time scale is based
on the assumption, discussed elsewhere
(1, 2, 15, 21), that differences between
the albumins of two lineages have ac-
cumulated at the average rate of 100 im-
munological distance units per 60 million
years. The heavy lines indicate the line-
ages along which convergent morphologi-
cal evolution may have taken place (29).

The tree shown in Fig. 1 was con-
structed from the albumin data in
Table 1 as well as from additional al-
bumin data obtained with antiserums to
albumins of numerous hylid species.
The additional data, the method of tree
construction, and the justification for
the time scale will be published else-
where (28). As illustrated in Fig. 1, the
H. eximia and H. regilla lineages are
only remotely related phylogenetically
(29). Thus, their morphological simi-

Table 1. Immunological comparison of the albumins of “wrightorum” and Hyla regilla with
those of various North American hylids. Antiserums to the albumins of “wrightorum” or H.
regilla hypochondriaca were tested by the microcomplement fixation method (14) for reac-
tivity with the albumins present in serum from the species listed. A few results obtained with
the second antiserum have been published (/). Values in parentheses were obtained in a re-
ciprocal test with antiserum to albumin from the species on the left against albumin from
“wrightorum” or H. regilla hypochondriaca. Voucher specimens of all these species and sub-
species are deposited in the Museum of Vertebrate Zoology, University of California, Berkeley,
and the Museum of Natural History, University of Kansas, Lawrence.

Source of albumin tested

Immunological
distance from
reference species

P H. regilla
Taxonomic group Locality W,”@f' hypocgron-
orum ;
driaca
Eximia species group
“Wrightorum” Apache County, Arizona 0 78
H. eximia South Tepic, Nayarit, Mexico 1 81
H. euphorbiacea Vera Cruz, Mexico 3 81
H. cadaverina San Diego County, California 70 13
H. regilla hypochondriaca Contra Costa County, California 7 0
H. regilla deserticola Inyo County, California 72 1
H. regilla sierrae Desolation Wilderness, California 75 4
H. regilla regilla Linn County, Oregon ! 3
H. regilla pacifica Benton County, Oregon 72 2
H. regilla cascadae Jefferson County, Oregon 72 0
H. regilla curta San Ignacio, Baja California Sur 70 0
Other species groups
H. chrysoscelis Lincoln Parish, Louisiana 31 84
H. gratiosa Scotland County, North Carolina 29 (48) 82 (87)
H. femoralis Florida (dealer) 45 (56) 89 (100)
Other genera
Pseudacris triseriata Licking County, Ohio 82 (81) 75 (64)
Acris crepitans Douglas County, Kansas 83 (76) 62 (66)
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larities probably arose independently.
Note added in proof: After this report
went to press, P. G. Haneline and S. M.
Case undertook an electrophoretic com-
parison of enzymes in the specimens
whose albumins we had compared im-
munologically. There is approximate
agreement between the electrophoretic
and immunological results. In particu-
lar, the comparison of enzymes en-
coded by ten genes indicates that where-
as the major alleles at most loci in
“wrightorum” are identical electro-
phoretically with those of H. eximia, the
major alleles at most loci in H. regilla
- are different. We are grateful to Hane-
line and Case for permission to refer to
the electrophoretic evidence, which they
intend to publish in full later. These
workers are affiliated with the Cali-
fornia Academy of Sciences, San Fran-
cisco, and the Department of Zoology,
University of California, Berkeley, re-
pectively. Their electrophoretic studies
are being carried out in S. Y. Yang’s
laboratory, Museum of Vertebrate Zool-
ogy, University of California, Berkeley.
LinpA R. MAXSON*
A. C. WiLsoN
Department of Biochemistry,
University of California,
Berkeley 94720

References and Notes

1. D. G. Wallace, L. R. Maxson, A. C. Wilson,
Proc. Natl. Acad. Sci. U.S.A. 68, 3127 (1971).

=+ D. G. Wallace, M.-C, King, A, C. Wilson,
Syst. Zool. 22, 1 (1973).

3. A. C. Wilson, L, R, Maxson, V. M. Sarich,
Proc. Natl. Acad. Sci. U.S.A., in press.

4, B. J. Turner, Evolution, in press.

5. W. F. Blair, J. D. Lynch, J, M. Savage, in
Evolutionary Biology of the Anurans, J. L.
Vial, Ed. (Univ. of Missouri Press, Columbia,
1973), pp. 1-8, 133-182, and 351-445.

6. K. R. Porter, Herpetology (Saunders, Phila-
delphia, 1972); S. W. Gorham, Checklist of
World Amphibians (New Brunswick Museum,
St. John, 1974).

7. C. J. Goin, Copeia 1961, 62 (1961); R.
Mertens, Senckenb. Biol. 44 (No. 3), 175
(1963).

8. A species group is an informal taxonomic
category intermediate between species and
genus, and thus is a group of extremely
similar species.

=+ W. F. Blair, Southwest. Nat. 5, 129 (1960).

10, W. E. Duellman, The Hylid Frogs of Middle
America (Museum of Natural History, Uni-
versity of Kansas, Lawrence, 1970).

11, D. L, Jameson, J. P. Mackey, R. C. Rich-
mond, Proc. Calif. Acad. Sci. 33, 551 (1966);
D. L. Jameson and R. C. Richmond, Evolu-
tion 25, 497 (1971).

12. L. R, Maxson, thesis, University of Cali-
fornia, Berkeley, and California State Uni-
versity, San Diego (1973).

13. N. Arnheim and A. C., Wilson, J. Biol. Chem.
242, 3951 (1967).

14. A. B. Champion, E, M. Prager, D. Wachter,
A. C. Wilson, in Biochemical and Immuno-
logical Taxonomy of Animals, C. A. Wright,
Ed. (Academic Press, London, 1974), pp.
397-416.

=+ V. M. Sarich, Syst. Zool. 18, 286, 416 (1969).

16. E. M. Prager and A, C. Wilson, J, Biol.
Chem. 246, 5978, 7010 (1971).

17. E. M. Prager, N. Arnheim, G. A. Mross,
A. C. Wilson, ibid. 247, 2905 (1972); V.
Rocha, TI. P. Crawford. S. E. Mills, J.

68

Bacteriol. 111, 163 (1972); A. C. Wilson and
E. M. Prager, in Lysozyme, E. Osserman,
R. Canfield, S. Beychok, Eds. (Academic
Press, New York, 1974), pp. 127-141,

18. The published evidence is as follows. Pig and
cow albumin differ in amino acid sequence
at 24 percent of the 360 sites compared (24).
These two albumins  exhibit 31.5 percent
cross-reactivity in the precipitin test with
rabbit antiserums [W. O. Weigle, J. Immunol.
87, 599 (1961)]. This corresponds to an im-
munological - distance of 118, according to
the calibration published by Sarich and
Wilson (19). The equation y ~ 5x predicts
that proteins differing by 24 percent in
sequence should differ by 120 units, in excel-
lent agreement with the value based on
Weigle’s work. As albumin contains about
580 amino acids, each unit of immunological
distance corresponds to 1.2 amino acid sub-
stitutions. Further unpublished evidence for
such a relation comes from additional im-
munological and sequence comparisons of
cow, pig, sheep, and human albumins (J. R.
Brown, V. M. Sarich, A. B. Bennett, A. C.
Wilson, unpublished results).

19. V. M, Sarich and A. C. Wilson, Science 154,
1563 (1966).

20. —=+*_  Proc. Natl. Acad. Sci. U.S.A. 58,
142 (1967); Science 158, 1200 (1967).

21. V. M. Sarich, in Old World Monkeys, J. R.
Napier and P. H. Napier, Eds. (Academic
Press, New York, 1970), pp. 175-226; Biochem.
Genet. 7, 205 (1972); Nature (Lond.) 245, 218
(197 =+ G. C. Gorman, A. C. Wilson, M.
Nakanishi, Syst. Zool. 20, 167 (1971).

22. J. L. King and T. H. Jukes, Science 164, 788
(1969).

23. D. G. Wallace and A. C. Wilson, J. Mol.
Evol. 2, 72 (1972).

24.J. R, Brown, T. Low, P, Beherns, P.
Sepulveda, K. Barker, E. Blakeney, Fed. Proc.
30, 1240 (abstr.) (1971); J. R, Brown, ibid. 33,
1389 (1974).

25. V. M. Sarich and A. C. Wilson, Science 179,
1144 (1973).

26. Results of preliminary immunological com-
parison of the hemoglobins of these species
are consistent with the albumin results.

27. Genetic distance between populations or spe-
cies can be estimated from electrophoretic
comparison of proteins coded by many loci
|=+ W. E, Johnson and R. K. Selander, Syst.
Zool. 20, 377 (1971): M, Nei and A. K,

Roychoudhury, Science 177, 434 (1972)]. These
measures of genetic distance correlate strong-
ly (r = .8) with immunological distances among
the albumins of the same species. If two
species differ electrophoretically at 50 percent
of their loci, the immunological distance be-
tween their albumins is usually about 22 units
(V. M. Sarich, L. R, Maxson, M.-C. King, K.
Keeler, A. C. Wilson, paper presented at the
annual meeting of the Society for the Study
of Evolution, Houston, Texas, December
1973). Genetic distance can also be estimated
from DNA hybridization experiments; the
best method is to measure the melting tem-
perature of heteroduplexes formed by an-
nealing nonrepeated DNA sequences and to
subtract it from the melting temperature of
the homoduplexes. By comparing the al-
bumins of the same species whose DNA’s
were compared as described above [D. E.
Kohne, Quart. Rev. Biophys. 3, 327 (1970);
B. H. Hoyer, N. W. van de Velde, M.
Goodman, R. B. Roberts, J. Human Evol. 1,
645 (1972)], we find that there is a very strong
correlation (r =.9) between melting tempera-
ture difference and albumin immunological
distance (3). A melting temperature difference
of 6°C corresponds to an albumin immuno-
logical distance of 30 units.

28. L. R, Maxson and A. C, Wilson, in prepara-
tion.

29. A referee has suggested that the albumins of
“wrightorum” and H. regilla could have
undergone rapid divergent evolution despite
a recent common ancestry of these frogs. If
this were true, the “wrightorum” and H.
regilla albumins should differ more from
Litoria albumin than do the albumins of the
other hylids in Fig. 1. This is not so.

30. W. M. Fitch and E. Margoliash, Science 155,
279 (1967).

31. J. S. Farris, Am. Nat. 106, 645 (1972).

32. We thank D. B, Wake and V. M. Sarich for
discussion, and P. Haneline, M. Robinson,
D. L. Jameson, F. T. Awbrey, R. D. Maxson,
J. E. Juterbock, W. E. Duellman, J. P.
Bogart, H. G. Cogger, and D. L. Stephan for
supplying specimens. Supported by NSF grant
GB-13119.

* Present address: Provisional Department of
Genetics and Development, University of
Illinois, Urbana 61801,

11 February 1974 [ ]

Malignant Melanoma: Specific Immunity Induced by
Bacillus Calmette-Guerin in BALB/c Mice

Abstract. Previous treatment of BALB/c mice with bacillus Calmette-Guérin
(BCG) will significantly protect them against intramuscular challenge of S§-91
melanoma but not against @ mammary carcinoma or a methylcholanthrene-induced
sarcoma. Lymphocyte-mediated cytotoxicity studies correlate with in vivo data in
showing that BCG-immune lymphocytes are specifically cytotoxic to S-91 mela-
noma target cells but not to the carcinoma or sarcoma target cells.

Injection of bacillus Calmette-Guérin
(BCG) into animals produces not only
specific immunity to tubercle bacilli but
also leads to development of nonspecific
immunity to a variety of foreign anti-
gens (1), among which are a number
of malignant tumors. In humans, a non-
specific imune stimulation by BCG
has been employed in the treatment of
sarcomas (2), leukemia (3), and, most
notably, malignant melanoma (4). Al-
though animal investigations have shown
nonspecific BCG-induced regressions of
sarcomas (5), mammary carcinoma
(6). and leukemia (7). there is an

absence of animal studies demonstrating
the effectiveness of BCG in the preven-
tion and treatment of melanoma. We
now document BCG-induced protection
against a murine malignant melanoma
and demonstrate preliminary evidence
that suggests the possibility of a specific
BCG-induced immunity to this malig-
nant melanoma.

Three different malignant tumors—
a melanoma (S-91), a mammary car-
cinoma, and a methylcholanthrene-in-
duced sacroma—were used in syngeneic
BALB/c mice. Test animals received
0.1 ml of BCG (Research Foundation,
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