PHENETIC AND CLADISTIC ANALYSES OF
BIOCHEMICAL EVOLUTION IN -
PEROMYSCINE RODENTS

John C. Patton, Robert J. Baker and John C. Avise

Abstract--An approach to applying principles of Henni-
gian cladistics to qualitative, uncoded electrophoretic
data is suggested. This approach is contrasted with
more conventional phenetic analyses, using a data base
of newly collected biochemical information on nine
genera and 14 species of New World rodents, Cricetidae.
Phenetic dendrograms and cladistic trees based on pro-
tein electrophoretic data were evaluated against a model
phylogeny for these taxa derived from nonprotein infor-
mation. In two cases, the cladistic analysis of our
electrophoretic data gives a somewhat better fit to the
model phylogeny than does the phenetic analysis: (1) In
suggesting only a distant affiliation between Ochrotomys
and Neotoma, and (2) in defining Peromyscus-Neotomodon
as a distinct clade. 1In most other respects, the phe-
netic and cladistic interpretations fit the model phylo-
geny equally well. Whether or not this cladistic method
of analysis will ultimately prove more precise than
standard phenetic approaches, it does offer advantages
of greater testability since individual character states
are defined along all branches of a tree. Our results
indicate that electrophoretic data provide useful sys-
tematic information even at intergeneric taxonomic
levels.

INTRODUCTION

In the past decade numerous authors have documented
the power and efficiency of protein electrophoresis to
examine genetic relatedness of populations (Avise,
1974). While the general utility of the electrophoretic
approach is no longer in serious question, one remaining
area of contention concerns how best to analyze and
interpret data derived from these techniques. At least
two basic philosophies are prevalent: phenetics and
cladistics.
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genase (SDH), creatine kinase (CK-2), glutamate oxalate
transaminase (GOT-1 and -2), indophenol oxidase (IPO),
and esterase (EST-1 and -6 of Selander et al., 1971).

Two methods of data analysis were employed. First,
Nei's (1972) identity and distance values between spe-
cies pairs were subjected to an unweighted pair-group
method of cluster analysis using arithmetic means (Un-
weighted Pair Group Method of Analysis - UPGMA; Sneath
and Sokal, 1973). This is a common phenetic procedure.
Second, cladistic analyses of each discrete electropho-
retic character were performed, utilizing outgroup
comparisons as described by Hennig (1966) and as dis-
cussed by Bonde (1977). The development of the tree is
described in detail later. We have chosen the method of
Hennig (1966) due to the ease of analysis (it does not
require a computer) and because the characters need not
be coded or submerged in a summary distance or simi-
larity measure.

RESULTS
Pl

Electromorph mobilities and electrophoretic condi-
tions for 15 loci are given in Table 1. Banding pat-
terns and tissue specificities were similar to gene
products previously reported in Peromyscus (Selander et
al., 1971; Mascarello and Shaw, 1973). Gels stained for
creatine kinase (CK) showed two areas of activity in
samples from heart and kidney. The most anodal band
(CK-1) was indistinct and could not be scored reliably.
The more cathodal zone of activity (CK-2) banded sharply
but no variation was found within or between the taxa
analyzed. All other loci demonstrated interspecific
variation.

Phenetic Analysis .

_ Table 2 lists genetic identities (I) and distances
(D) between species, computed according to Nei's (1972)
formulae. These data were summarized in a dendrogram
which provides a two-dimensional representation of
phenetic relationships among the taxa (Fig. 2).

As noted in Table 1, only 13 loci were analyzed in
N. alstoni; hence, three different estimates of I and D
were obtained. First, the 13 1loci analyzed for N.
alstoni were examined over all taxa. The second esti-
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mate employed 15 loci in all comparisons except those
involving Neotomodon for which 13 loci were compared.
Finally, both loci not scored for N. alstoni were con-
sidered unique, thereby maximizing the distance between

N. alstoni and its closest relative. In all cases N.
alstoni was phenetically allied most closely to P.
floridanus. Similarity and distance values were 0.778

(0.251), 0.778 (0.251), and 0.672 (0.398), respectively.
Identity values between N. alstoni and P. floridanus
were considerably greater than the identity values
between Onychomys and the P. maniculatus-polionotus-
leucopus assemblage. The implication is that N. alstoni
and P. floridanus are phenetically more closely related
to one another than the other Peromyscus forms are to
Onychomys. Only minor changes in the phenograms result-
ed from clustering the three different distance mat-
rices.

Cladistic Analysis

Because results of cladistic analyses employing
qualitative characters may be sensitive to mistakes in
character identification (see DISCUSSION), we will dis-
cuss in detail the scoring and cladistic interpretation
of individual electromorphs.

LDH-1: Seven alleles were identified for LDH-1
(Table 1). Outgroup comparison indicated that Ldh-1°°
was the plesiomorph (ancestral form) for the cricetines
examined. Ldh-1°% was identified in S. hispidus, Ory-
zomys palustris, R. fulvescens, R. megalotis, B. tay-
lori, and N. alstoni. Synapomorphic (shared derived)
electromorphs were found in P. maniculatus and P. leuco-
pus (Ldh- 1°8) and Onzchomzs leucogaster and Onychomzs
torridus (Ldh-198-5)_ all other taxa possessed autapo-
morphs (derived characters unique to a taxon).

LDH-2: Five electromorphs were identified. Ony-
chomys leucogaster, Onychomys torridus, B. taylori, R.
fulvescens, R. megalotis, 0. nuttalli, and N. micropus
possessed Ldh-22%. The electromorph for S. hispidus has
also been tentatively scored as Ldh-22°, although its
product in some samples occasionally appeared to migrate
slightly slower. At present, Ldh-229 should be con-
sidered the plesiomorph. The only synapomorph,
Ldh-2190, was found in Neotomodon and all Peromyscus.
Other alleles were autapomorphs. It should be noted
that this scoring does not agree with that presented by
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Smith et al. (1973) where Ldh-2%5 was described in P.
floridanus. The causes of the discrepancy are unknown.

MDH-1: Mdh-1'%° jis proposed as the plesiomorph
because it was found both in the neotomine-peromyscine
line and in Oryzomys palustris. A synapomorph (Mdh-17°)
appeared in the Reithrodontomys species. Sigmodon
hispidus possessed an autapomorph (Mdh-190).

MDH-2: Since Mdh-278° was common to S. hispidus,
Oryzomys palustris, N. micropus, and O. nuttalli, it has
been designated as the plesiomorph. The synapomorph is
Mdh-2"190  common to all Reithrodontomys, Baiomys, Ony-
chomys, Neotomodon, and Peromyscus taxa examined.

ME: Due to the rapid rate of evolution in this
protein, it was impossible to designate a plesiomorph
for all taxa examined. Thirteen electromorphs were

identified and each was considered unique (autapomor-
phic) for its respective taxon. The exception involves
the Peromyscus-Neotomodon complex (cladistically defined
by LDH-2), within which three taxa shared Me-1190 (p.
maniculatus, P. polionotus, and P. floridanus).

IDH-1: Six electromorphs have been identified for
IDH~-1. No electromorphs appeared to be shared between
the South American cricetines and the neotomine-peromys-
cine taxa. Within the neotomine-peromyscine line 8 of
the 12 taxa shared Idh-1190: N. micropus, R. fulves-
cens, R. megalotis, Onychomys leucogaster, Onychomys
torridus, P. leucopus, P. polionotus, and P. manicula-
tus. Whether Idh-1100 represented an apomorph or ple-
siomorph for the South American, neotomine-peromyscine
forms cannot be resolved at present. However, Idh-1190
must be considered plesiomorphic for the neotomine-
peromyscine complex. Idh-1'27 appeared to be a synapo-
morph for P. floridanus and N. alstoni. All other
derived electromorphs appeared to be restricted to a
single assayed taxon.

IDH-2: Four IDH-2 electromorphs were observed.
1dh-2712% was shared by N. micropus, S. hispidus, and
Oryzomys palustris and was therefore plesiomorphic.
1dh-2-50 was shared by the Ochrotomys, Reithrodontomys,
Baiomys, and Onychomys taxa, thus defining Idh-250 as a
synapomorph which was also the apparent plesiomorph for
the peromyscine forms. Idh-27190 yas synapomorphic for
Neotomodon and Peromyscus in the peromyscine lineage.
Idh-22% was unique to Onychomys torridus.

6-PGD: Fifteen electromorphs were identified for
the taxa examined. No allele could be proposed as
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plesiomorphic except within the Neotomodon-Peromyscus
complex. Data presented here and in Avise et al.
(1974a) indicated that 6-Pgd!!? appears synapomorphic
for P. maniculatus, P. polionotus, and P. leucopus.
Peromyscus maniculatus and P. polionotus shared 6-
pPgd!®%, while P. floridanus and N. alstoni shared 6-
Pgd!3%. All other alleles have been considered auta-
pomorphic. :

SDH: No electromorph was shared between the South
American cricetines and the neotomine-peromyscines.
Reithrodontomys megalotis, R. fulvescens, onychomys
torridus, Onychomys leucogaster, N. alstoni, P. flori-
danus, P. polionotus, and P. maniculatus possessed

Sdh!®0, Six other electromorphs were presumed autapo-
morphic.

GOT-1: Five electromorphs have been identified at
this locus. Since none were shared by the neotomine-

peromyscine forms and the South American cricetines, it
is impossible at this time to propose a plesiomorph for
the entire assemblage. Got-1170 was found in N. micro-
pus, O. nuttalli, B. taylori, N. alstoni and P. flori-
danus, and is apparently plesiomorphic for the neoto-
mine-peromyscine forms. Got-1100 was found in R. mega-
lotis, R. fulvescens, Onychomys torridus, Onychomys
leucogaster, P. leucopus, P. polionotus, and P. manicu-
latus and is apomorphic. Got-1!39 was found only in P.
maniculatus in the specimens examined here, but Smith et
al. (1973) reported the electromorph in both P. poliono-
tus and P. floridanus. Got-1130 must also be considered
apomorphic. Sigmodon hispidus and Oryzomys palustris
possessed autapomorphs.

GOT-2: Got-2-%% was present in both the neoto-
mine-peromyscine forms and S. hispidus and is therefore
considered plesiomorphic. Got-2-100 was found in N.
micropus, O. nuttali, Onychomys torridus, Onychomys
leucogaster, P. leucopus, P. polionotus, and P. manicu-
latus. Autapomorphic alleles were found in B. taylori
and Oryzomys palustris.

IPO: No electromorph was shared between any neo-
tomine-peromyscine form and any South American cricetine
form. Onychomys torridus, Onychomys leucogaster, N.
alstoni, P. leucopus, P. polionotus, and P. maniculatus
all shared Ipol!®0. Reithrodontomys fulvescens and R.
megalotis shared Ipo 79, , Seven other electromorphs
were considered autapomorphs.

EST-1: This highly variable esterase was repre-
sented by 16 electromorphs in the specimens examined.

[N
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No electromorph could be designated as a plesiomorph for
all taxa examined. Synapomorphs were found only for
members of Peromyscus and Onychomys. All other forms
possessed autapomorphic alleles.

EST-6: This erythrocytic esterase was represented
by four electromorphs. Est-61°® was present in both
major lineages examined and is therefore ancestral. All
other observed alleles were autapomorphic.

DISCUSSION
Phenetic Analysis

The UPGMA dendrogram revealed a fair concordance
with current ideas regarding systematic relationships of
peromyscine rodents. However, at least four question-
able results were apparent. First, the phenetic linking
of P. maniculatus, P. polionotus, and P. leucopus to
Onychomys is surprising since their supposed congener,
P. floridanus, is phenetically much more distinct. Mor-
phological and chromosomal data do not support these
phenetic results (Hooper, 1968; Baker et al., 1979). A
second possible problem is the apparent phenetic simi-
larity between N. alstoni and P. floridanus. In this
case, recent morphological and chromosomal data support
such a relationship. Morphological similarities were
noted between the external genitalia of N. alstoni and
P. floridanus by Hooper (1959). Also, studies of G- and
C-banded chromosomes of Peromyscus, Neotomodon, and
Baiomys recently led to the conclusion that N. alstoni
is more closely related to the P. floridanus, P. manicu-
latus, and P. leucopus groups, respectively, than to the
eremicus group (Yates et al., 1979).

A third area of apparent disagreement is the place-
ment of B. taylori outside the 2n = 48 group of rodents.
If the assumptions of Yates et al. (1979) are correct
that the 2n = 48 peromyscines are a monophyletic assem-
blage, Baiomys is the more distantly related (basal)
form of the clade. This basal relationship is also
supported by Hooper's (1959) work with external repro-
ductive structures. If Reithrodontomys is the taxon
most closely related to the 2n = 48 forms, a slight
difference in the rates of biochemical evolution between
Baiomys and Reithrodontomys (as reflected by sampling

e
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biases in loci examined) could cause the supposed rever-
sal seen in the phenetic dendrogram.

The final concern about accuracy of the phenetic
groupings is the alignment of 0. nuttalli with N. micro-
pus. Although the systematic status of Ochrotomys is
poorly understood, evidence from other sources does not
suggest placing Ochrotomys with neotomines.

Cladistic Analysis

Five stages in the development of the cladistic
tree for peromyscine rodents are presented in Figs. 3
and 4. For reasons discussed later, data for loci were
added to the analysis in the order listed in Table 1.
Figure 3A shows the result of joint consideration of
CK-2 and MDH-2; Fig. 3B shows the effect of the further
addition of LDH-2 and MDH-1; Fig. 3C shows the effect of
the addition of IDH-2, GOT-2, and EST-6 to Fig. 3B; and,
Fig. 3D shows the effects of the addition of IDH-1,
GOT-1, and SDH to Fig. 3C. Figure 4 shows the final
cladistic tree for the 103 character states identified
for the 15 loci examined.

The composite cladistic tree is composed of a stem
and 24 branches (Fig. 4). The distributions of electro-
morphs along all stems and branches are presented in
Table 3. For loci 1-7 the plesiomorph for all taxa
could be designated. These loci were used to form the
skeleton of the cladistic tree. Plesiomorphs at loci
8-14 could not be designated for all taxa and, there-
fore, characters were initially assessed as apomorphic.
Data for locus 15 (LDH-1) were added after those for
EST-1 because only Est-1100 defines the P. maniculatus-
polionotus complex. Adding the data for LDH-1 prior to
adding those for EST-1 and 6-PGD would result in a
phylogenetic tree linking P. maniculatus to P. leucopus
rather than to P. polionotus. Such a relationship is
refuted by evidence from morphology (Hooper, 1968),
hybridization potential (Dice, 1968), chromosome banding
(Greenbaum et al., 1978), protein electrophoresis (Avise
et al., 1979a; phenetic analysis in this paper), and
mitochondrial DNA sequence relatedness (Avise et al.,
1979b).

The distributions of electromorphs along all stems
and branches are presented in Table 3. A major advan-
tage of this cladistic analysis is that discrete charac-
ter states, such as those listed in Table 3, define the
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Phenetic and Cladistic Analyses.

the stem and all branches of the tree. Thus, whether or
not this cladistic method of analysis ultimately prove
to be more precise than standard phenetic approaches, it
does offer advantages of greater testability. As al-
ready illustrated, points of ambiquity in cladograms can
often be recognized and the source of the dilemma spe-
cifically identified for further study.

Electrophoretic information can be cladistically
analyzed because the data are expressed as discrete
characters. One potential drawback is the possibility
of obtaining several alternative cladistic trees from a
common data base. This may result from any process
leading to inconsistencies in information content of
different distributions of electromorphs within a tree.
For example, distinct allelic products could be scored
incorrectly as synapormorphs or symplesiomorphs.

It is unclear whether sampling errors due to small
sample size will be more severe for phenetic or cladis-
tic analyses. The effect of small sample size in phe-
netics has recently been addressed from both theoretical
and empirical standpoints (Nei, 1978; Gorman and Renzi,
1979). The bias introduced through sampling error
appears not to be a serious problem, even for sample
sizes as small as one or a few individuals, as long as
the genetic distance (D) between the OTU's (operational
taxonomic units) and branch points under study is > 0.15
and heterozygosity (H) is < 0.05. Both of these condi-
tions held for the great majority of taxa examined in
this study.

Because the present cladistic analysis utilizes a
qualitative data base, it might appear to be more prone
to sampling error due to small sample size. Several
kinds of information could be introduced into a cladis-
tic analysis with the discovery of additional electro-
morphs at the loci assayed. First, additional autapo-
morphic alleles might be identified. These would have
no effect on the branching sequence of the cladistic
tree. Second, symplesiomorphs not observed in the
original sample might be found. An example from the
present study would be the discovery of Got-1'79 in
Onychomys. This again would have no effect on the
branching sequence of the cladistic tree. Third, an
electromorph could be identified in clade B which was
formerly considered synapomorphic or autapomorphic to
clade A. This latter case could indeed cause a possible
reassessment of phylogenetic relatedness of species. An
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example of this situation has been discussed for the
Got-1 locus of Baiomys. Fourth, entirely new sets of
synapomorphs could be detected, which could also cause a
reassessment of the branching framework. Since the
current study is exploratory in design, we suggest that
future work empirically address the issue of sampling
error in cladistic analyses.

Cladistic analysis of our electrophoretic data
gives a somewhat better fit to the model phylogeny for
peromyscine rodents than does the phenetic analysis.
First, there are no cladistic characters suggesting the
close affiliation between Ochrotomys and Neotoma implied
by the phenetic analysis. The synapomorph Idh-2~5°
demonstrates Ochrotomys to have cladistic affinities
with the other peromyscine forms. Second, Ldh-2'%? and
I1dh-2 ~ 100 gefine Peromyscus-Neotomodon as a distinct
clade, an association not apparent in the phenetic
groupings. In both instances, the cladistic analysis
may resolve apparent discrepancies between results of
the phenetic analysis and the model phylogeny. In most
other respects, the phenetic and cladistic interpreta-
tions fit the model phylogeny for peromyscine rodents
equally well.

Systematic Implications

The cladistic analyses of the biochemical data
yielded inferences relevant to the systematics of crice-
tine rodents. The classically recognized split between
peromyscine and neotomine rodents is supported. Qchro-
tomys seems to represent a basal divergence from pero-
myscine stock. Beyond this level, at least four dis-
tinctive clades can be recognized from the biochemical
data: Baiomys, Reithrodontomys, Onychomys, and Pero-
myscus (including Neotomodon). The retention of Neo-
tomodon as a genus would require the recognition of
Neotomodon, Podomys (P. floridanus), and a redefined
Peromyscus (including P. maniculatus, P. polionotus, and
P. leucopus) as genera, or the inclusion of P. flori-
danus within a redefined Neotomodon. The splitting of
Peromyscus would not, however, seem warranted from these
data, since none of the proposed genera would be as
distinct genetically as are Onychomys, Reithrodontomys,
and Baiomys from one another or from Peromyscus. Thus
we agree with the suggestion of Yates et al. (1979)
which includes Neotomodon within Peromyscus.
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SPECIMENS EXAMINED

Peromyscus maniculatus - Texas .(Brewster Co.): 10.5 km
N Alpine, N = 2. North Carolina (Highlands Co.):
3.2 km W Norton, Coweeta Hydrologic Laboratory, N =
2.

Peromyscus polionotus - Georgia (Barrow Co.): 8.1 km
NE Winder, N = 2.

Peromyscus leucopus -~ Georgia (Clarke Co.): 4.8 km
S Athens, N = 3.

Peromyscus floridanus - Florida (Highlands Co.): 8.1
km S, 3.2 km W Lake Placid, N = 3.

Neotomodon alstoni - Mexico (Districto Federal): 1 km
N Morelos, N = 5.

Onychomys leucogaster - Texas (Winkler Co): 3.2 km
W Wink, N = 1; 10.5 km E Wink, N = 1.

onychomys torridus - Arizona (Cochise Co.): 5.6 km
SE Portal, N = 1; 22.5 km SE Portal, N = 1.

Baiomys taylori - Texés (Galveston Co.): 6.4 km N
Texas City, N = 2; (Brazos Co.): Bryan, N = 1.
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Reithrodontomys fulvescens - Texas (Galveston Co.):

6.4 km N Texas City, N = 3.

Reithrodontomys megalotis - Kansas (Ellis Co.): 3.2 km

W Hays (Relict Area), N = 2.

Ochrotomys nuttalli - Georgia (Clarke Co.): 4.8 km §

Athens, N =

2.

North Carclina (Highlands Co.):

3.2 km W Norton, Coweeta Hydrologic Laboratory, N =

2.

Neotoma micropus -
Dump, N = 1.

Sigmodon hispidus
Winder, N = 4.

Texas (Brewster Co.):

Georgia (Barrow Co.):

Alpine, City

8.1 km NE

Oryzomys palustris - Texas (Galveston Co.): 6.4 km N

Texas City, N

3.





