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Electrophoretic variation in 18 proteins encoded by 20

autosomal loci was used to compare the genetic relationships

of 19 natural populations representing three species of the

subgenus Neotoma. Of the 20 loci examined nine were mono-

morphic and fixed for the same allele in all populations. No

more than seven loci were polymorphic within a single

population. Genetic variability was expressed as the pro-

portion of loci heterozygous in the average individual of a

population. Heterozygosity in the three species of Neotoma

studied averaged 0.078, a value within the range reported

for other rodents. Although the levels of heterozygosity

seen in Neotoma could not readily be explained, the varia-

tion may be attributed to ecological factors. The three

species of Neotoma were compared on the basis of genetic

similarity and found to form a close taxonomic unit, probably

semispecies. Divergence times were obtained for the three

species and found to compare well with divergence times

obtained from fossil data. In general, the three species

have diverged within the last 112,000 years during the

Wisconsin glacial period.
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CHAPTER I

INTRODUCTION

Evolution at the species level consists of changes in

the genetic constitution (gene pool) of populations. The

process of evolution may be seen in two ways: changes oc-

curring within a given phylogenetic line as time proceeds

resulting in increased adaptation to the environment, and

the splitting of a phylogenetic line into two or more in-

dependently evolving lineages resulting in adaptation to a

greater variety of niches, or ways of life. The second

aspect of evolution, called cladogenesis, gives rise to

speciation, the process by which one species splits into

two or more species (Mayr, 1963).

Speciation may occur by a variety of processes. In

sexually reproducing organisms speciation most generally

occurs according to the model of "geographic speciation. "

Two main stages may be recognized in this process. First,

allopatric populations of the same species become genetically

differentiated, resulting from adaptation to different en-

vironments. It is generally necessary for the populations,

to be geographically isolated for some time, with little or

no migration or gene flow between them in order for genetic

differentiation to occur. The second stage takes place when

genetically differentiated populations come into contact,

1
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with additional differentiation taking place and reproductive

isolating mechanisms becoming established.

One of the most important questions in evolutionary

genetics is "how much genetic differentiation occurs during

the process of geographic speciation?" This question must

be considered as two separate elements of the speciation

process. The first element concerns the genetic differen-

tiation occurring between ailpatric populations giving rise

to different species, while the second element concerns the

amount of genetic differentiation taking place after sym-

patry, or at least partial sympatry, is established.

It has been the aim of several studies to determine the

amount of genetic differentiation accompanying speciation in

various organisms. Ayala et al. (1974) studied genetic dif-

ferentiation in natural populations of 14 taxa of the Droso-

phila willistoni group. Five levels of evolutionary

divergence were recognized: geographic populations, subspe-

cies, semispecies, sibling species, and morphologically

distinct species. They found little genetic differentiation

between geographic populations. Subspecies were recognized

as groups of populations in the first stage of species

formation, and insipient reproductive isolation in the form

of partial hybrid sterility existed between the subspecies

of D. willistoni and D. equinoxialis. The amount of dif-

ferentiation between subspecies indicated that much genomic

modification takes place during the first stage of the
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speciation process, while little genetic differentiation

seems to take place during the formation of semispecies.

This conclusion was based on the fact that the average

genetic distance between the semispecies of D. paulistorum

was not significantly different from the average genetic

distance between subspecies. Semispecies are groups of

populations in the second stage of speciation; reproductive

isolation between them is being completed by natural selec-

tion. Ayala et al. (1974) proposed that sexual isolation

may develop by change of only a few genes affecting the

courtship and mating behavior of the populations.

Wood rats belonging to the subgenus Neotoma (genus

Neotoma) provide an excellent group for determination of the

amount of genetic differentiation accompanying speciation.

The genus Neotoma, named by Say and Ord in 1825 and revised

by Goldman in 1910, includes those cricetid rodents known

as wood rats and is currently comprised of four subgenera

(Hall and Kelson, 1959). This study is restricted to the

largest subgenus, Neotoma, and more specifically to three

species within the subgenus, N. albigula, N. micropus, and

N. floridana, which represent a close taxonomic unit, prob-

ably semispecies. These three species range from south-

eastern California north to South Dakota, east to Connecticut

to the southeastern United States, and south through the

northern half of Mexico (Figs. 1 and 2). Throughout their

ranges they are largely or entirely allopatric, reflecting
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Fig. 1, Geographic range of Neotoma albigula.
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Fig. 2, Geographic ranges of Neotorna micropus (hatched)
and Neotoma f loridana (stippled) .
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post-isolation and recent secondary contact.

Wood rats occur from hot and dry- deserts or humid trop-

ical forests at low elevations, to mountain peaks above timber

line (Huheey, 1972). They nest in predominantly rocky

areas such as canyon walls, rocky slopes, small outcrops

or heaps of boulders, or on level terrain at the bases of

trees or cacti; some species may even construct dens above

ground in low trees or shrubs (Huheey, 1972). Their dens

consist of a collection of sticks, leaves, cactus joints,

and a wide variety of other debris. The size, shape and com-

position of the dens vary with the geographic location,

species of wood rat, and individual inhabitant of the den.

Neotoma albigula occurs mainly in the Upper Sonoran Life-

zone (Huheey, 1972). It shows a strong preference for rocky

terrain and, when possible, chooses rocks and cliffs for

its nesting sites. Neotoma micropus occurs mainly in the

open Lower Sonoran Valley floors (Huheey, 1972). The dens

are usually found in sparsely vegetated, semiarid valleys

or flatlands in association with thorny or spiny desert

vegetation such as cholla and prickly pear, cactus and yucca.

Neotoma floridana is found largely associated with less-arid

woodland habitat (Goertz, 1970), and prefers rocky outcrops

as locations for dens but will build nests in old buildings

if available.

Neotoma albigula, N. micropus, and N. floridana are

morphologically distinguishable on the basis of coat color
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and other morphological features, although these character-

istics are so variable within each species that the different

forms are often difficult to distinguish. Finley (1958)

stated that he knew of no single feature by which all

specimens of N. albigula and N. micropus in Colorado could

invariably be separated. Burt and Barkalow (1942), examining

bacula and other morphological characteristics, placed N.

micropus intermediate between N. albigula and N. floridana.

Hooper (1960), on the basis of phalli in Neotoma, arranged

the species according to degree of resemblance in this

structure. Neotoma albigula, N. micropus, and N. floridana

were found to be so similar as to suggest that they are

conspecific or are sibling species (Hooper, 1960).

Karyotypic analysis of the three species of Neotoma

would indicate that N. micropus and N. floridana are more

closely related to each other than either is to N. albigula.

All three species have a diploid number of 52 (Baker and

Mascarello, 1969). Neotoma albigula has a fundamental num-

ber (FN) of 58; N. micropus and N. floridana each have an

FN of 56. Polymorphism in fundamental number is found in

N. micropus (Mascarello and Warner, 1974). The number of

biarmed elements varies from one to four in this species,

but the most common karyotype revealed two such chromosomes.

It is possible that a common ancestor to the three species

of Neotoma had an FN of 58, giving rise to N. albigula with



8

no apparent modification of the chromosomes. This common

ancestor could have given rise to N. micropus and N. flori-

dana accompanied by a number of chromosomal changes.

Hybridization between N. albigula and N. micropus has

been reported in southeastern Colorado on the basis of

karyotypic analysis and electrophoretic analysis of proteins

(Huheey, 1972) and morphological data (Finley, 1958).

Hybridization between N. micropus and N. floridana in the

laboratory has been reported by Birney and Perez (1971).

Birney (1973) also reported natural hybrids between N.

micropus and N. floridana from a location three miles south

of Chester, Oklahoma where the two species occur together.

The three species of Neotoma considered in this study

fit the definition of semispecies as defined by Mayr (1963).

They appear to have been isolated in the past and have re-

cently established secondary contact. They remain largely

allopatric, and limited hybridization occurs in populations

where the taxa are sympatric.

With the recent development of electrophoretic tech-

niques for demonstrating allelic variation at genetic loci

controlling the structure of enzymes and other proteins,

it is now possible to estimate degrees of genetic variation

in natural populations and genetic differentiation of species

(Jensen, 1970; Jensen and Rasmussen, 1971; Lewontin and

Hubby, 1966; Selander, Hunt and Yang, 1969). Assuming that

the sample of loci controlling the proteins examined is
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representative of the genome (Hubby and Throckmorton, 1968;

Selander, Hunt, and Yang, 1969) it is now possible to compare

populations and species with respect to total genetic char-

acter or degree of genetic similarity and genetic variation.

Because N. albigula, N. micropus, and N. floridana

represent species in an intermediate stage of evolution,

they offer the evolutionist an excellent group for investi-

gation. In this study, 18 proteins controlled by 20 genetic

loci from 19 naturally-"occurring populations of these three

species were examined electrophoretically in order to assess

the degree of genetic variation, to elucidate the degree of

genomic modification occurring during speciation, and to

establish the genetic relationships of the three species.



CHAPTER II

MATERIALS AND METHODS

Samples

Wood rats were collected from 19 naturally occurring

populations (Table 1) (Fig. 3) in Texas, Oklahoma, New

Mexico, Utah, and Arizona,using Sherman live traps. The

animals were maintained in the laboratory in cages and fed

a diet of Purina Laboratory Chow and water until blood sam-

ples could be taken.

Certain specimens with common protein patterns were

maintained and used as control animals throughout the study.

One or more control animals were bled and run on each gel as

standards, and the banding patterns of the controls were com-

pared to other patterns on the gels,

Preparation of Tissue Extracts

Blood was obtained from the suborbital canthal sinus of

the specimens, using a 1.0 X 100 mm capillary tube. The

hemoglobin and erythrocyte protein samples were prepared by

placing approximately one capillary tube of blood in a 10 X

75 mm test tube containing 0.5ml of 4% sodium citrate solution.

The samples were then centrifuged at 1000 g for three minutes.

The erythrocytes were washed two times in buffered saline

solution and hemolysed following washing with three to five

10
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Table 1, Collecting localities and sample sizes for

19 populations of three species of Neotoma.

Population Locality Number of

number individuals

Neotoma albigula

1 12 mi. S. W. Blanding, San Juan 2
Co., Utah

2 4 mi. N. E. Villanueva, San Miguel 21
Co., New Mexico. 17 mi. N. W.
Tucumcari, San Miguel Co., New
Mexico. 3 mi. E. Valmora, Mora
Co., New Mexico

3 8 mi. S. Childress, Cottle Co., Texas 11
Canyon, Randall Co., Texas. 10 mi.
N. W. Borger., Hutchinson Co.,, Texas

4 1 mi. N. Pinos Altos,, Grant Co.,, New 7
Mexico. Apache Creek, Catron Co.,
New Mexico. 2 mi. W. Mogollon, Catron
Co., New Mexico

5 16 mi. S. E. Roswell, Chaves Co., 10
New Mexico

6 6 mi. S. E. Portel, Cochise Co., 6
Arizona

7 McKilligan's Canyon, El Paso, El 12
Paso Co., Texas. 6 mi. N. E. El
Paso, El Paso Co., Texas. 16 mi.
E. El Paso, El Paso Co., Texas

8 2 mi. S. Con Can, Uvalde Co., Texas 23

Neotoma ricropus

9 10 mi. N. W. Borger, Hutchinson Co., 4
Texas

10 5 mi. N. E. Hedrick, Jackson Co., 6
Oklahoma

11 5 mi. N. Iowa Park, Wichita Co., 8
Texas. 10 mi S. W. Henrietta, Clay
Co., Texas. 10 mi S. E. Mankins,
Archer Co., Texas
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Table 1 (Cont.)

Population Locality Number of
Number individuals

12 6 mi. N. E. El Paso, El Paso
Co., Texas 1

13 8 mi. S. W. Sheffield, Pecos Co., 13
Texas. 3 mi. E. Pyote, Ward Co.,
Texas

14 3 mi. W. Mathis, San Patricio Co., 5
Texas

Neotoma floridana

15 Bonny Reservoir,, Yuma Co., Colorado 13

16 8 mi. N. W. Gainsville, Cooke Co., 5
Texas. 4 mi, N. Marrietta, Love Co.,
Oklahoma. 2 mi. S. Norman, Cleveland
Co., Oklahoma

17 10 mi. N. Broken Bow, McCurtain Co., 9
Oklahoma. 5 N. W. Athens Polk Co.,
Arkansas

18 6 mi. E. Arthur City,, Lamar Co., 9
Texas

5 mi. N. Milam, Sabine Co., Texas19 2
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Fig. 3, Collecting localities for N. albigula (dots),

N. micropus (triangles), and N. floridana

(squares).
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drops of deionized water. Hemoglobin samples were further

diluted with additional deionized water.and run within five

hours after bleeding. Hemoglobin samples were not stored

due to reported denaturization of hemoglobin even at low

temperatures (Selander et al, 1971).

Serum samples were prepared by placing six to eight

capillary tubes of blood in a 6 X 50 mm culture tube. The

samples were allowed to clot for 20 min at room temperature

and then centrifuged at 1000g for 10 min. The serum was

removed with a pipette, placed in a clean 10 X 75 mm test

tube, and used immediately or stored at -20 degrees C until

used. Samples used for albumin analyses were diluted 3:1

(Buffered saline : serum).

Tissue extracts were prepared by homogenizing samples of

liver, kidney, and testis in two volumes of 0.lM tris, 0.001M

EDTA, buffer, pH 7,0 and centrifuged at 10OOg for ten minutes.

The supernatant was removed and used immediately or stored

at -20 degrees C for up to one month. Tissue samples not

homogenized immediately after death were frozen in two vol-

umes of buffer at -20 degrees C,

Electrophoresis

Apparatus and Techniques

Horizontal starch gel electrophoresis was used to

separate all protein samples (Smithies, 1955). Gel molds

were modified from those described by Kristjansson (1963) as
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reported by Kilpatrick (1973). The mold consisted of a glass

plate (152mm X 220mm X 6mm) and four plexiglass strips; two

(6mm X 19mm X 220mm) and two (6mm X 19mm X 114mm), held in

place by petroleum jelly. The liquid gel was poured into

the mold and covered by a plexiglass plate (152mm X 220mm

X 4mm).

All gels were prepared from a 12% suspension of hydro-

lysed starch (18g of hydrolized starch suspended in 50ml of

buffer). Buffer was heated to boiling in a 1000ml round-

bottom flask, The starch suspension was then poured into

the flask containing the heated buffer, shaken vigorously for

one minute, and degassed with an aspirator. After degassing,

the clear liquid gel suspension was poured into the mold,

covered with a plexiglass plate, secured with lead weights,

and allowed to cool at room temperature for a minimum of

two hours.

After the gels had cooled, the plexiglass plate and long

plexiglass strips were removed. The gels were cut parallel

to and 2.0 cm from one of the short sides of the gel to form

an insertion line for the samples. The smaller portion of

the gel was gently pushed 6mm from the large portion to

allow room for insertion of the samples to be analyzed. The

samples were absorbed onto No, 3 filter paper (4mm X 6mm)

with the exception of albumin samples, which were absorbed

onto No, 1 filter paper. Filter paper inserts were blotted

and placed 3 to 4mm apart against the exposed cut surface of
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the larger portion of the gel. After the samples were placed

on the gel, the smaller portion was gently pushed back in

contact with the larger portion of the gel. A piece of Saran

Wrap (Dow Chemical Company) was used to cover the surface of

the gel during electrophoresis (Kristjansson, 1963). The

edges of the Saran Wrap were folded back to expose approxi-

mately 1.5cm of the gel at each end, to allow contact with

the bridges from the electrode chamber of the electrophoresis

apparatus.

The electrophoresis chamber consisted of a plexiglass

tray (405mm X 360mm X 88mm) which was divided into three

compartments. The two outer compartments (405mm X 101mm),

each containing a No. 22 platinum wire 300mm in length, were

filled with electrode buffer, The gel, supported on a glass

plate, was placed across the central compartment (157mm X

405mm X 57mm), and sponge cloths (203mm X 139mm X 6mm) were

used as bridges between the gel and the electrode buffer. A

plexiglass plate was then placed on top of the gel and sponge

cloth bridges to hold the bridges in place. Power was sup-

plied by either a Gelman Electrophoresis Power Supply Model

138206 or a Heathkit 1P17 H.V. Power supply. Electrophoresis

was performed in a controlled temperature chamber between

0*C and 40 C.

Buffer Systems

Six buffer systems were used to separate the different

proteins examined in this study. Hemoglobins were separated
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in a discontinuous buffer system consisting of a 0.01M tris-

hydrochloric acid gel buffer, pH 8.5, and an electrode buf-

fer of 0.3M sodium borate, pH 8.2 (Selander et al., 1971).

Separation was achieved at 25ma with a maximum voltage of

250v.

The electrode buffer used for the separation of 6-

phosphogluconate dehydrogenase and esterase-6 from the concen-

trated hemolysate consisted of 0.lM tris- 0.lM maleic acid -

0.0lM EDTA - 0.01M magnesium chloride, pH 7.4. The gel

buffer consisted of a 1:9 dilution of the electrode buffer

with deionized water (Selander et al,, 1971). Separation

was achieved at 100 volts for 5 h.

Liver and kidney esterases and Esterase-5 from serum

were separated in a system consisting of a gel of a 1:9 mix-

ture of stock solutions A and B as follows; Stock solution

A was a .03M lithium hydroxide- 0.19M boric acid, pH 8.1,

and Stock solution B was a 0.05M tris- 8mM citric acid, pH

8.4. The electrode buffer for this system was stock solution

A (Selander et al., 1971). Separation was achieved at 25ma

per gel with the voltage not exceeding 350v for 3 h.

Albumins were separated from serum in a discontinuous

system consisting of a tris-citrate gel (0.004M citric acid,

pH 6.0),. The electrode buffer was a 0.3M sodium borate

solution, pH 6.5 (Jensen and Rasmussen, 1971). Separation

was achieved at 25ma per gel with voltage not exceeding 300v
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or until the borate boundary had migrated 8cm from the origin

(3-5 h).

Glutamate oxaloacetic transaminase and a-glycerophos-

phate dehydrogenase were separated from liver extracts in a

continuous buffer system consisting of a gel buffer of 22.89mM

tris- 5.22mM citric acid, pH 8.0, and an electrode buffer of

0.687M tris- 0.157M citric acid, pH 8.0 (Selander et al.,

1971). Separation was achieved at a potential of 100v for

4 h.

Lactate dehydrogenase, malate dehydrogenase, malic en-

zyme, isocitrate dehydrogenase, and indophenol oxidase were

separated from kidney extracts in a continous buffer system

consisting of a gel buffer of 8mM tris- 3mM citric acid, pH

6.7, and an electrode buffer of 0,223M tris- 0.086M citric

acid, pH 6.3 (Selander et al, 1971). Gels were run for 3 h.

at a potential of 170v to achieve separation.

Upon termination of electrophoresis, gels were sliced

in 2mm horizontal sheets with a 0.2mm wire stretched tightly

across a frame. The two halves were then separated onto two

glass plates.

Staining and Identification of Proteins.

Hemoglobins and albumins were stained with a general

protein stain consisting of a 2% solution of buffalo black

NBR (naphthal blue black) for 20 minutes in a 5:5:1 mixture

of methanol, deionized water, and glacial acetic acid.
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The gels were then destained and fixed with repeated washes

in a 5:5:1 mixture of methanol, deionized water, and glacial

acetic acid.

Glutamate oxaloacetic transaminase was stained for

30 minutes at 370 C in a mixture of 0.5mg pyradoxal - 5'-

phosphate, 20mg a-aspartic acid, 100mg a- ketoglutaric acid,

and 150mg fast blue RR salt in 50ml 0.2m tris-hydrochloric

acid buffer, pH 8.0. The stain was prepared prior to use and

applied immediately (Delorenzo and Ruddle, 1970).

Isocitrate dehydrogenase was stained for 30-60 min at

37C with a stain consisting of 50ml 0.2M tris-hydrochloric

acid buffer, pH 8.0, 0.2ml 0.25M manganese chloride, 3ml

0.1 trisodium DL- isocitric acid, 10mg NADP, 5mg NBT, and

7mg PMS. LDH was inhibited on these gels by Isobutyramide

(4.08g isobutyramide, 250ml deionized water, adjusted to

pH 7.5 with sodium hydroxide solution, lml isobutyramide per

10ml stain). Two IDH forms were present; IDH-1 (supernatant)

and IDH-2 (mitochondrial).

Lactate dehydrogenase was stained by a technique modi-

fied from Markert and Massaro (1966). The stain consisted

of 30ml of deionized water, 20ml 0,2M tris- hydrochloric

acid buffer, pH 8.0, 9ml 0.5M sodium DL- lactate, 20mg

B-nicotinamide adenine dinucleotide, 10mg MTT tetrazolium,

and 8mg PMS. Gels were stained at 370C for 1 to 2 h.

Malate dehydrogenase was detected with a stain con-

sisting of 30ml 0.2M tris- hydrochloric acid buffer, pH 8.0,
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5ml 2.OM malate solution (pH adjusted to 7.0 with l.OM sodium

hydroxide), 10mg B-nicotinamide adenine dinucleotide, 20mg

MTT tetrazolium, and 5mg PMS. The gels were stained at 37C

for 1 h. LDH was inhibited on these gels with isobutyramide

(Shaws and Ruddle, 1968).

a-Glycerophosphate dehydrogenase was detected with a

stain consisting of 50ml 0.2M tris- hydrochloric acid buffer,

pH 8.0, lml 0.1 M magnesium chloride, 50mg disodium a-DL-

glycerophosphate, 20mg NAD, 13mg NB tetrazolium, and 4mg PMS

(Selander, et al., 1971). Gels were stained at 37C for

approximately 1 h, LDH was inhibited on these gels by

isobutyramide.

The enzyme, 6-phosphogluconate dehydrogenase, was de-

tected with a stain consisting of 7 ml 0.2M tris-hydrochloric

acid buffer, pH 8.0, 7ml 0.1 M magnesium chloride, 3ml deio-

nized water, 20mg barium - 6 - phosphogluconic acid, lmg

nicotinamide adenine dinucleotide phosphate, 4mg MTT tetrazo-

lium and lmg PMS (Carter et al., 1968). Gels were stained

in the dark at 20C for 1 h.

Malic enzyme was detected by a process modified from

Shaws and Ruddle, (1968). Gels were stained with a solution

consisting of 30ml 0.2 M tris- hydrochloric acid buffer,

pH 8.0, 5ml 2.0 M malate solution (pH adjusted to 7.0 with

1.0 M sodium hydroxide), 20mg nicotinamide adenine dinucleo-

tide phosphate, 20mg MTT tetrazolium, and 5mg PMS. Gels

were stained at 37C for 1 to 2 h.
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Indophenol oxidase was detected using a stain consisting

of 50ml 0.2 M tris- hydrochloric acid buffer, pH 8.0, 15mg

MTT tetrazolium, and 10mg PMS (Selander et al., 1971). Gels

were stained in light for 1 to 2 h or until pale blue bands

appear against blue background.

Esterases were stained according to the methods outlined

by (Selander et al., 1971). Serum and tissue (kidney and

liver) esterases were stained with a mixture of lml 0.2 M

monobasic sodium phosphate, pH 4.4, lml 0.2 M dibasic sodium

phosphate pH 8.7, 47ml dionized water, 25mg fast blue RR

salt, lml of a solution of 0.lg a-naphthyl butyrate (serum

samples) or a-napthal propionate (tissue samples) in 10ml of

acetone. Gels were stained at 370 C for 10 to 30 min. Ery-

throcyte esterases were stained with a mixture of 24ml 0.2M

monobasic sodium phosphate, pH 4.4, 6ml 0,2M dibasic sodium

phosphate, pH 8.7, 20 ml deionized water, 25mg fast garnet

GBC salt, and lml of a solution of 0.lg a- naphthyl propio-

nate in 10 ml of acetone. Gels were stained at 37C for

1 to 2 h.

All gels were fixed in a 5:5:1 solution of methanol,

deionized water, and glacial acetic acid for 24 hours,

scored, and wrapped in Saran Wrap (Dow Chemical) for storage.
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Treatment of Data

Direct calculation of allelic frequencies was possible

since heterozygous individuals could be identified. Gene

frequencies were calculated by summing the occurances of a

given allele for all loci at which it occurs and dividing

by the number of loci times two at which the allele could

occur.

The relationships of the three species of Neotoma were

analyzed on the basis of genetic similarity and differences

indicated by the 20 loci examined. Genetic similarity was

calculated using Roger's (1972) coefficient of genetic

similarity (S). The genetic similarity between two populations

is calculated by summing the probabilities of drawing iden-

tical genotypes from the two populations for each genotype

of the locus, divided by the sum of the probabilities of

drawing identical genotypes from the same population on two

successive independent draws from each genotype of the locus

as shown in the formula below:

L FA i
SR =1 1 1/2 (Ai 2 1/2SRl L L' > 11=1 - Piiy)2]/

where L is the number of loci, A is the number of alleles

at the ith locus and P and Pi. are the frequencies of

the jth allele at the ith locus in populations x and y

respectively. From a matrix of coefficients of genetic
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similarity for populations of Neotoma, cluster analysis was

performed by the weighted pair group method of Sokal and

Sneath (1963).

Genetic similarity, distance, and divergence time were

calculated for paired combinations of all populations using

Nei's (1971) coefficient. The normalized identity of genes

between two populations designated as x and y with respect

to each locus is defined as

= xy

xiy

where jx is the probability of identity of two randomly

chosen genes in population x and jy is the probability of

identity of randomly chosen genes in population y. Nei's

similarity measure also allows the calculation of an expected

divergence time for populations as defined below:

D
t =(2cntXa)

where D is the geometric mean of genetic similarity (-logeI),

c is the proportion of amino acid substitutions which can be

detected by electrophoresis; Xa is the rate of amino acid

substitutions per polypeptide per site per year; and nt is

the total number of amino acids (codons) concerned with syn-

thesis of a protein.

Levels of heterozygosity (H) provide estimates of

genetic variability within populations. Lewontin and Hubby
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(1966) proposed an index utilizing the proportion of loci

heterozygous per individual. This estimate is calculated

by summing the observed frequencies of heterozygotes at each

locus and then averaging over all loci for each population

separately. The effective number of alleles was calculated

as the reciprocal of the sum of squares of allelic frequen-

cies for a given locus for each population.



CHAPTER III

RESULTS

Nineteen proteins controlled by twenty loci were iden-

tified for 167 animals representing 19 populations of 3

species of Neotoma. The samples consisted of 92 N. albigula,

37 N. micropus, and 38 N. floridana. Nine of the 20 loci

studied were monomorphic with the same allele fixed in all

species. The 9 monomorphic proteins were malic enzyme, in-

dole phenol oxidase, glutamate axaloacetic transaminase -

1 and 2, malate dehydrogenase - 1 and 2, isocitrate dehy-

drogenase - 1 and 2, lactate dehydrogenase - 2. Esterase-6

was monomorphic with the same allele fixed in all species

except for one specimen from Cottle Co., Texas, and one from

Randall Co., Texas. These variants possibly represent rare

alleles occurring locally.

Polymorphic Proteins

6-Phosphogluconate dehydrogenase. Individuals heterozy-

gous for this enzyme form a 3-banded electrophoretic pattern,

indicating that it is a dimer. Two different alleles were

found segregating at the 6-PGD locus (Fig. 4). Polymorphism

was found in two of the three species, with N. micropus being

monomorphic and fixed for the faster migrating allele

(Table 2). The fast allele was predominant in all populations

25



Fig. 4, Electrophoretic variation in 6-
phosphogluconate dehydrogenase
and a-glycerophosphate dehydrogenase
in three species of Neotoma
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except one, of N. albigula, with four populations being

fixed for the fast allele. The slower migrating allele was

predominant in all populations of N. floridana, with two

populations fixed for the slow allele.

a-Glycerophosphate dehydrogenase. Individual heterozy-

gous at the a-GPD locus form a three banded electrophoretic

pattern indicating the protein occurs is a dimer. Three

alleles were found at the a-GPD locus (Fig. 4), but only two

species exhibited polymorphism. Neotoma micropus was mono-

morphic for this enzyme and all populations were fixed for

the fastest migrating allele. Polymorphism was found in two

of the three species (Table 2).

Two alleles, A and B, were demonstrated by N. floridana,

with both alleles occurring in three populations and fixa-

tion for the fastest allele in two populations. Three

alleles were found for N. albigula with no more than two

alleles being present in any population. Two populations

were fixed for the A allele, while three populations were

fixed for the B allele. One population contained alleles

A and B with allele A at a very low frequency. A rare

allele, C, occurredat low frequency in two populations.

The C allele occurred only with the B allele.

Lactate dehydrogenase. Two lactate dehydrogenase sys-

tems (LDH-1 and LDH-2) were found in kidney extract. Genetic

control of the enzyme is considered to involve two loci

(Appella and Markert, 1961). LDH-l and LDH-2 migrate
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anodally and combine to form five banded pattern indicating

the protein is a tetramer (Appella and Markert, 1961). The

faster migrating band is controlled by the LDH-l locus and

the slower band by the LDH-2 locus. Intermediate bands

represent tetrameric combinations of alleles from the two

loci. The LDH-2 locus was monomorphic and fixed for the

same allele in all populations for all three species of

Neotoma. LDH-l was found to be polymorphic only in N.

albigula (Table 3). Two alleles were found at the LDH-l

locus in N. albigula with fixation of the fastest allele

in four populations and fixation of the slower allele in

three populations (Fig. 5). Both alleles occurred together

in only one population. All populations of N. micropus and

N. floridana were monomorphic and fixed for the faster

migrating allele.

LDH-3 was found in testes extracts and was polymorphic

in all three species of Neotoma (Table 3). Three alleles

were detected at the LDH-3 locus, with the B allele the

most common in all three species (Figure 5). Fixation for

the B allele occurred in five populations of N. albigula,

in four populations of N. micropus, and in four populations

of N. floridana. The A allele occurred at frequencies below

50 percent in two populations of N. albigula, in one popu-

lation of N. micropus, and at a frequency of 50 percent in

one population of N. floridana. The C allele occurred at

a low frequency in one population of N. micropus, and at
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Fig. 5, Electrophoretic variation in Lactate
dehydrogenase-1 and Lactate dehydro-
genase--3 in three species of Neotoma
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low frequencies in two populations of N. albigula. One

population of N. albigula was polymorphic for all three

alleles.

Esterase-6. Esterase-6 was detected from erythrocyte

preparations and was monomorphic for the same allele in all

populations studied except one. One population of N. albi-

gula contained two individuals, each with different rare

alleles in the heterozygous state (Fig. 6) (Table 4). Due

to sample size, it is difficult to determine if these rare

alleles are truly indicative of polymorphism.

Esterase-5. Since consistent coding of differences in

Es-5 was impossible, the locus was scored as either present

or absent. In the latter case, a silent allele is present

at the Es-5 locus and no protein is produced. For the most

part, presence or absence of Es-5 appeared to be species

specific. Loci that produced Es-5 protein were designated

by the A allele while loci producing no Es-5 protein were

designated as the B allele (Table 4). All populations of

N. albigula were monomorphic for the A allele. Five popu-

lations of N. micropus were monomorphic for the B allele,

while one population demonstrated the A allele at a fre-

quency almost equal to the B allele. Four populations of

N. floridana were monomorphic for the B allele while one

population contained the A allele at a low frequency.

Esterase-3. This esterase was found in kidney ex-

tracts and demonstrated three alleles (Fig. 6). Polymorphism
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Fig. 6, Electrophoretic variation in Esterase-6,
3, and 8 in three species of Neotoma
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was found in all three species of Neotoma (Table 5). Five

populations of N. albigula were monomorphic for the B

allele, while two populations of N. albigula were polymorphic

for the A and B alleles, and one population contained all

three alleles. One population of N. micropus was monomorphic

for the A allele while all other N. micropus populations were

polymorphic for the A and B alleles. Neotoma floridana was

generally polymorphic for all three alleles.

Esterase-8. This kidney esterase demonstrated three

alleles (Fig. 6). Polymorphism for the A and B alleles was

found in three populations of N. albigula, while five pop-

ulations were monomorphic for the A allele. Neotoma micro-

pus was generally polymorphic for alleles A and B with one

population also demonstrating a third allele, C. One pop-

ulation of N. floridana was polymorphic for alleles A and

B while all other populations were monomorphic for the A

allele.

Albumin. This plasma protein demonstrated five alleles

with no more than four alleles occurring in any species

(Fig. 7). Most populations of N. albigula were polymorphic

for alleles A, B, and C, with one population containing

allele E (Table 6). N. micropus was monomorphic for the E

allele in three populations, and for the D allele in one

population. One population contained the B allele at a

low frequency, and another population contained alleles C
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Fig. 7, Electrophoretic variation in albumins in three
species of Neotoma
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and D at low frequencies. Populations of N. floridana

were generally polymorphic for alleles B, C and D.

Hemoglobin. Dissagreement exists about the inheri-

tance of this protein. Birney and Perez (1971) determined

that multiple hemoglobin patterns in N. micropus and N.

floridana were controlled by alleles segregating from two

beta loci. More recently, Zimmerman (unpublished data) has

obtained evidence that variation also occurs at the alpha

locus in N. albigula. One aspect of agreement is that

variation in this tetrameric protein is controlled by at

least two loci. In the present study these loci are ten-

tatively designated the Hb-1 locus and the Hb-2 locus. In

order to score the protein the fast migrating alleles were

designated products of the Hb-l locus and the slower migra-

ting alleles products of the Hb-2 locus (Fig. 8).

Four alleles were found at the Hb-l locus (Table 7).

Neotoma albigul a was polymorphic for alleles B and C, with

the D allele present in one population at low frequency.

Neotoma micropus was polymorphic for alleles B, C, and D

with one population containing the A allele. Neotoma flori-

dana was polymorphic for alleles B, C, and D.

Five alleles were found at the Hb-2 locus (Table 8).

Alleles B, C, D, and E occurred in N. albigula with the E

allele occurring in one population at low frequency. Neotoma

micropus was polymorphic for all five alleles. Alleles

B, C, and F each occurred in only one population.
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Fig. 8, Electrophoretic variation in Hemoglobins in
three species of Neotoma
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Table 7, Allelic frequencies at the Hemoglobin-l
locus for 19 populations of Neotoma

Number of
Population individuals

Neotoma albigula

1 2

2 21

3 11

4 7

5 10

6 6

7 12

8 23

Neotoma micropus

9 4

10 6

11 8

12 1

13 13

14 5

Neotoma floridana

15 13

16 5

17 9

18 9

19 2

Hemoglobin-I
A B C

--- 1

---m

---e

---

--- 0

0.71

0.82

0.95

0.75

0.86

0.63

1.00

1.00

0.50

0.88

0.50

0.69

0.40

0.06

0.69

1.00

0.24

0.18

1.00

0.05

0.25

1.00

0.14

0.25

0.12

0.31

0.40

0.88

0.18

1.00

0.05

0.12,

0.50

0.20

0.-06

0.13
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Table 8, Allelic Frequencies at the Hemoglobin-2
locus for 19 populations of Neotoma.

Number of Hemoglobin-2
Population individuals B C D E F

Neotoma albigula

1--- 1.00 --- ---

2 --- 0.59 0.36 0.05

3 0.09 0.55 0.36 ---

4 --- 1.00 --- --- ---

5 --- 0.70 0.30 --- ---

6 0.50 0.50 ---

7 --- 0.92 0.08

8 0.04 0.48 0.48 --- ---

Neotoma micropus

9 --- --- 0.25 0.50 0.25

10 --- --- --- 1.00 ---

11 --- --- 0.31 0.69 ---

12- --- 0.50 0.50

13 --- 0.34 0.66 --- ---

14 0.50 --- --- 0.50

Neotoma floridana

15 --- 0.69 0.19 0.12

16 0.70 0.30 ---

17 0.81 0.19 --- ---

18 0.56 0.31 0.13 ---

19 --- --- 1.00 ---
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Neotoma floridana was polymorphic for alleles C, D, and E.

Two populations of N. albigula were monomorphic for allele

C, one population of N. micropus was monomorphic for allele

E, and one population of N. floridana was monomorphic for

the D allele.

Genetic Variability

Genetic variability within a population can be expressed

in several ways: the proportion of loci which are poly-

morphic for each population, the total number of alleles

detected at each locus, and the mean number of alleles

segregating for each polymorphic population. These indices

of genetic variability for the three species of Neotoma are

presented on Tables 9 and 10. Ten of the 20 loci examined

were polymorphic in the populations of Neotoma albigula

(Table 9), while seven loci were polymorphic in N. micropus.

The populations of N. floridana were polymorphic for nine

loci (Table 9).

Polymorphic Loci

The mean number of polymorphic loci per population was

0.225 (Table 10). Neotoma floridana had the highest pro-

portion of polymorphic loci (X = 0.250; range 0.050 to 0.350).

N. micropus had the lowest proportion of polymorphic loci

(X = 0.200; range 0.100 to 0.250). The proportion of

polymorphic loci for N. albigula was intermediate between

N. floridana and N. micropus with a mean of 0.225 (range
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Table 9, Polymorphic proteins with proportion of popu-
lation polymorphic for each locus and the
effective number of alleles at each locus for
19 populations and three species of Neotoma

Hb-P.63)67080P4 .4

H 2 7.3.4 0-4
Ab in..3.8LH 0 too

04 r 44 ) H ) a) (DH
OHgs06 .2H

0 3 10 a) >H

Hemoglobin
Hb-l .63 .67 .80 4 1.49

Hb-2 .75 .83 .80 5 1.74

Albumin 88 .33 .80 5 1.62

6 -Phosphoglucon ate

Dehydroenase.50 --- 60 2 1.20

a-Glycerophosphate

Dehydrogenase .38-- .60 3 1.16

Lactate
Dehydrogean se

LDH-l .13 --- 2 1.02
LDH-3 .38 .33 .20 3 1.19

Esterases
Es-3 .38 .83 .80 3 1.57
Es-S - .17 .20 2 1.07
Es-6 .13---- 3 1.01
Es-8 .38 .83 .20 3 1.30
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Table 10, Proportion of loci polymorphic per population

(P), proportion of loci polymorphic per
individual (H) in 19 populations and three
species of Neotoma

All Nonesterase

Population (P) proteins proteins
(H) (H)

N. albigula

1 San Jaun Co., Utah
2 San Miguel Co., N. M.,

Mora Co., N. 14.
3 Cottle Co., Texas

Randall Co., Texas
Hutchinson Co., Texas

4 Grant Co., N. M.,
Catron Co., N. M.

5 Chaves Co., N. M.
6 Cochise Co., Arizona
7 El Paso Co., Texas
8 Uvalde Co., Texas

0.050
0.350

0.250

0.150

0.250
0.200
0.200
0.350

X 0.225

0.025
0.109

0.073

0.029

0.082
0.059
0.024
0.085

X 0.061

0.000
0.123

0.080

0.036

0.078
0.073
0.016
0.094

X 0.063

N. micropus

9 Hutchinson Co., Texas
10 Jackson Co., Okla.
11 Wichita Co., Texas

Clay Co., Texas
Archer Co., Texas

12 El Paso Co., Texas
13 Pecos Co., Texas

Ward Co., Texas
14 San Patricio Co., Texas

0.250
0.150
0.250

0.100
0.250

0.100
0.075
0.071

0.100
0.069

0.200 0.140
X 0.200 k 0.093

N. floridana

15 Yuma Co., Colorado
16 Cooke Co., Texas

Love Co., Okla.
Cleveland Co., Okla

17 McCurtain Co., Okla.
18 Lamar Co., Texas
19 Sabine Co., Texas

0.350
0.300

0.300
0.250
0.050

k 0.250
X 0.225

0.084
0.055

0.081
0.095
0.000
0.079
0.078

0.094
0.000
0.044

0.125
0.039

0.125
X 0.071

0.056
0.069

0.101
0.118
0.000
0.086
0.073
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0.050 to 0.350). The highest values of polymorphism were

found in two populations of N. albigula at 0.350 each and one

population of N. floridana also at 0.350, while the lowest

values were found in one population of N. albigula and one

population of N. floridana, each with a value of 0.050.

The mean number of polymorphic loci per individual

was 0.078 (Table 10). The highest mean of polymorphic loci

per individual was found in N. micropus (X = 0.093; range

0.069 to 0.140). The lowest mean of polymorphic loci per

individual was found in N. albigula (X = 0.061; range 0.024

to 0.109). The mean number of polymorphic loci per indivi-

dual for N. floridana was 0.079 (range 0.055 to 0.059).

The highest value of polymorphism per individual was 0.140,

found in one population of N. floridana. Two populations

of N. albigula demonstrated the lowest values of polymorphism

per individual at 0.024 and 0.025. The value of polymorphism

per individual for one population of N. floridana was 0.000,

but this is believed to be due to small sample size and was

not used in computing mean heterozygosity.

Effective Number of Alleles

The effective number of alleles at each locus (Table 9)

is a measure of the amount of variation contributed by the

various alleles at any polymorphic locus. Four of the 11

polymorphic loci showed high values of effective number of

alleles (Table 9). Hemoglobin-2 and albumin had the highest
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values at 1.74 and 1.62 respectively. Esterase-3 had a

value of 1.57 and Hemoglobin-l a value of 1.49. Esterase-6

had the lowest value of effective number of alleles at 1.01.

A total of three alleles were found at this locus, but two

of the alleles, A and C, contributed little to the value of

effective number of alleles because they appeared heterozygous

in only one specimen each.

The highest values of effective number of alleles are

generally found in the esterases while lower values are

usually found in the nonenzymatic proteins (Penney and Zimmer-

man, unpublished) (Cothran, unpublished). The species of

Neotoma in the present study demonstrated just the opposite.



CHAPTER IV

DISCUSSION

Genetic Variation

Estimates of heterozygosity for the 19 populations

representing three species of Neotoma were based on 18

proteins controlled by 20 genetic loci. The average value

for heterozygosity (H) for the three species of Neotoma was

0.078, indicating that 7.8% of the 20 loci are heterozygous

in the average individual. Among rodents, comparable values

of heterozyosity have been found in Mus musculus musculus

(Selander, Hunt, and Yang, 1969) with a mean heterozygosity

of 0.091, while Selander and Yang (1969) found a mean hetero-

zygosity of 0.110 in Mus m. brevirostris. Similarly, Pero-

myscus leucopus was reported to have a mean heterozygosity

of 0.070 (Smith et al., 1974). In mainland populations of

P. polionotus, Selander et al. (1971) reported heterozygosity

ranging from 0.0496 in South Carolina and Georgia to 0.086

in peninsular Florida, while in isolated populations of

P. polionotus inhabiting small barrier islands and penin-

sulas off the Gulf coast of Florida, lower estimates of

heterozygosity were obtained, ranging from 0.018 on islands

to 0.033 on peninsulas. The lower values of H for the Gulf

coast island and peninsular populations are considered to

53
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be a result of selection for low variability in a uniform

environment.

Lower values of heterozygosity have been obtained for

other rodents, as well. According to Johnson and Selander

(1971) species of Dipodomys are, on the average, less

variable than other organisms. Average heterozygosity

for 11 species of Dipodomys was 0.021 (range: 0.00-0.051),

and they suggested that the low value of heterozygosity

might be a reflection of uniformity in habitat. Other fos-

sorial rodents, Geomys (Selander et al., 1975; Penney and

Zimmerman, 1975) and Thomomys (Nevo et al., 1974) have been

found to have low levels of heterozygosity with mean values

of heterozygosity of 0.033 (range: 0.00-0.050) and 0.047

(range: 0.008-0.085), respectively. Low values of H for

pocket gophers are considered to be the result of selection

for low variability in their uniform environments.

Patterns of geographic variation in degree of hetero-

zygosity were not found for any of the three species of

Neotoma in this study. Neotoma albigula, for which the

largest geographic coverage was obtained, showed no pattern

of geographic variation in average heterozygosity (X = 0.061

range: 0.024-0.109). Values of average heterozygosity

varied throughout the range of this species with high and

low values evident in all parts of the range. Although less

geographic coverage was obtained for N. micropus and
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N. floridana, values of average heterozygosity varied

throughout the ranges of these two species, as well. Pat-

terns of geographic variation in degree of heterozygosity

have been detected in some rodents. Selander et al.,

(1971) reported a north to south increase in degree of

heterozygosity in Peromyscus polionotus with Hf ranging from

0.050 in South Carolina and Georgia to 0.086 in peninsular

Florida. They postulated that the increase in variability

in the south might result from the increase in variability

of the habitat. A moderate amount of longitudinal variation

in heterozygosity was reported for populations of Dipodomys

merriami (Johnson and Selander, 1971). They found an east

to west increase in heterozygosity, with H ranging from

0.020 at El Paso, Texas, to 0.071 at Kramer, California.

Johnson and Selander (1971) examined several possible

relationships affecting degree of genetic variability in

kangaroo rats and determined that the major contribution

of heterozygosity to a population came from one or two loci.

They concluded that sampling error might significantly ,

affect estimates of genetic variability and assumed that

much of the variation is real, and reflected some significant

degree of interspecific variation in level of heterozygosity.

They observed that no relationship existed between degree

of genetic variability and the extent of geographic range.

For example, of the seven species of kangaroo rats exhibiting
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low levels of heterozygosity, three have small ranges, and

four have extensive ranges. Of the four species exhibiting

high levels of heterozygosity, one ranges widely, one has

a small range, and two have ranges of intermediate size.

Of the three species of Neotoma considered in this study,

N. micropus has the smallest range, but demonstrated the

highest degree of variability. Neotoma albigula and N.

floridana, whose ranges are larger and comparable in size,

exhibited lower levels of heterozygosity than N. micropus.

However if this is considered to be indicative of a relation-

ship between heterozygosity and extent of geographic range,

the evolutionary mechanism responsible is not immediately

evident.

Factors relating to the maintenance of protein poly-

morphism are unclear at this time. Recent discussion has

brought about the consideration that most, if not all, genic

variation is neutral (Kimura and Crow, 1964). Thus, it

has been maintained that alleles which demonstrate different

patterns of electrophoretic mobility are functionally iden-

tical and selectively neutral. In addition, Kimura and

Crow (1964) have suggested that, on a theoretical basis,

heterozygosity, even at levels lower than those observed

for Neotoma, should create an excessive genetic load.

Nevertheless, the level of polymorphism in vertebrate pop-

ulations examined to present is far higher than could exist
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under conditions of excessive genetic load (Selander and

Johnson, 1973). Mayr (1963) has stated "this much is well

established. . . . all natural populations contain abundant

genetic variation which serves as potential raw material

for evolutionary change."

It is clear that the evolutionary role of enzyme poly-

morphism may well be to provide metabolic flexibility in a

changeable environment. It seems likely that polymorphism,

at least to some degree, is maintained by natural selection

and the level is maintained by ecological factors. Penney

and Zimmerman (1975), Nevo et al. (1974), Nevo and Shaw

(1972), Selander et al. (1971) have all reported low hetero-

zygosity in populations of Geomys, Thomomys, Spalax, and

Peromyscus (insular populations),, respectively. These

authors have attributed low levels of heterozygosity to

uniformity in habitat. Conversely, high levels of hetero-

zygosity found in some rodents have been attributed to

greater variability in habitat. Selander et al. (1971) con-

cluded that variable habitats contributed to high levels

of heterozygosity obtained for populations of Peromyscus

polionotus inhabiting peninsular Florida. Johnson and

Selander (1971) suggested that high levels of genetic vari-

ation in Dipodomys merriami and D. heermanni may be due to

wide habitat distribution, but added that a relationship

between genetic and ecological variation cannot be
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convincingly established on the basis of information now

available. While the high levels of heterozygosity seen in

Neotoma cannot readily be explained, it is likely that this

variation, at least partially, can be attributed to ecological

factors.

Genetic Similarity

Rogers' (1972) coefficient of genetic similarity (S)

was utilized for comparison of populations on the basis of

gene frequencies (Fig. 9). Genetic similarity (I) was also

calculated for paired combinations of the three species of

Neotoma using Nei's (1971) coefficient (Table 11). Coeffi-

cients of similarity (S) between species ranged from a low

of 0.737 between N. albigula and N. micropus to a high of

0.792 between N. micropus and N. floridana, while the value

of S between N. albigula and N. floridana was 0.766 (Table

11). Although the values calculated using Nei's coefficient

are somewhat higher, they correlate closely to values cal-

culated by Roger's coefficient between the same species

(Table 11). Interspecific values of f ranged from 0.828

between N. albigula and N. micropus to 0.881 between N.

micropus and N. floridana. The f value between N. albigula

and N. floridana was 0.872, and average interspecific

similarity f for the three species is 0.860.

Mean similarity (S) for comspecifics ranged from 0.854

in N. albigula to 0.904 in N. micropus, with populations

of N. floridana having an intermediate mean similairty (S)
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Figure 9, Dendogram based on Roger's measure of genetic
similarity for 19 populations of Neotoma
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value of 0.874. Avise and Selander (1972) have pointed out

that the similarity values for populations of the same

species are generally high, usually in the high 0.80's to

the 0.90's. Although the mean values of intraspecific

similarity for the three species of Neotoma are within this

range, most similarity values reported for other rodents

have been somewhat higher (Table 12). An average of the

mean values of similarity (S) for conspecifics taken from

Table 12 reveals a value of 0.910. This value differs

somewhat from the average conspecific similarity value of

0.877 for the three species of Neotoma.

An average interspecific similarity (S) value of 0.765

was obtained for the three species of Neotoma. Although

somewhat lower, this value is comparable to similarity

values for other semispecies and to values for sibling

species. Averages of the mean coefficients of similarity

between semispecies and between sibling species taken from

Table 12 yield values of 0.818 and 0.818 respectively.

When compared to the average similarity value of 0.623 for

distinct species taken from Table 12, the similarity value

for Neotoma is found to be considerably higher, thus

indicating a closer relationship between the three species

of Neotoma than exists between distinct species. Ayala

et al. (1974) have presented data, including similarity

values based on Nei's (1972) coefficient, for the Drosophila

willistoni group. This group of Drosophila includes at
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least 15 closely related species of various taxonomic re-

lationships, and the data indicate that the semispecies of

Drosophila paulistorum have a mean similarity (I) of 0.873.

Similarly, Cothran (1975) found a mean similarity (I) value

of 0.911 for two semispecies of Spermophilus. These values

correlate well with the mean I value of 0.860 for Neotoma.

The high coefficients of genetic similarity between inter-

specifics is indicative of little genetic differentiation

with speciation and reflects the close relationship of the

three species. The three species are considered to be so

closely related as to suggest that they are semispecies.

Semispecies, according to Mayr (1963) are species that have

been conspecific until recently and remain largely allopatric.

The fact that they hybridize to a greater or lesser extent

indicates that complete reproductive isolation has not been

acquired during geographic isolation.

The ranges of N. albigula and N. micropus overlap in

the central Great Plains, but the two species are largely

allopatric. Although several areas of sympatry are known,

to my knowledge, hybridization occurs in only three areas;

in northern Chihuahua, the Two Buttes Wildlife Area in

southern Colorado, and Lake Meredith in northwestern Texas.

Habitat separation is maintained in the area of sympatry

between these two species. Neotoma micropus occurs in

flat, semiarid plains in plant associations of yucca-short

grass or yucca-tree cactus and is rarely associated with
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rocks, while N. albigula occurs in rocky terrain, often in

association with junipers and yucca. In southeastern

Colorado, Huheey (1972) explained that the natural habitat

of N. micropus in open plains had been disturbed by domestic

grazing and agriculture, forcing N. micropus to retreat to

rocky terrain where contact with N. albigula was established.

The ranges of N. floridana and N. micropus overlap

in Texas, Oklahoma, Kansas, and Colorado. Neotoma flori-

dana is generally an inhabitant of relatively mesic wood-

land habitats. A locality where the two species occur

together (northern Oklahoma)> is characterized by the pre-

sence of hybrids (Birney, 1973). Hybridization between

N. floridana and N. albigula has not been reported, never-

theless, the fact that N. albigula and N. floridana have

higher interspecific similarity values than do N. albigula

and N. micropus would seem to indicate that they are also

closely related and perhaps also semispecies.

Evolutionary divergence time for species can be esti-

mated from electrophoretic data (Nei, 1971). Although Nei's

method yields only crude estimates, fossil data from pocket

gophers of the genera Thomomys (Nevo et al., 1974) and

Geomys (Penney and Zimmerman, 1975) and deer mice, genus

Peromyscus (Zimmerman et al., 1974) have been shown to

correspond quite well with estimates of divergence time

from biochemical evidence.
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According to Birney (1973), wood rats of the floridana

group occurred on the Great Plains by the late Illinoian

glaciation, and he indicated that N. albigula and related

species could have diverged from a N. floridana-like stock

during this period. With the advance of Wisconsin ice,

the basal stock of N. floridana probably retreated south-

ward, to peninsular Florida, with N. albigula being res-

tricted to the Mexican Plateau or the region of California,

Arizona, and New Mexico (or both), and N. micropus to the

lowlands of coastal, southern Texas and Tamaulipas. This

indicates that N. albigula probably diverged during late

Illinoian, about 200,000 years B.P. while N. micropus and

N. floridana probably diverged during the early Wisconsin

(150,000 years B.P.) as each retreated to its respective

refugium with the advance of Wisconsin ice.

Biochemical data place the divergence time of N. al-

bigula at approximately 155,000 years B.P. (Fig.10), during

the latter part of the Sangamon interglacial or early

Wisconsin glaciation. The close similarity value between

N. micropus and N. floridana indicates that these two

species diverged more recently, and the biochemical data

place their divergence at approximately 112,000 years B.P.,

during the first half of the Wisconsin.

Therefore, it would appear that the process of specia-

tion in these three species of Neotoma is a recent event

and can be correlated to latitudinal vegetational changes
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that occurred during the Wisconsin glacial period. The

divergence times obtained indicate that speciation, even

at the level of semispecies, can occur relatively rapidly

under the influence of geographic isolation. More impor-

tantly, biochemical data offer a valuable tool to provide

evidence to substantiate our classical views on the im-

portance of geographic isolation in the process of specia-

tion, and provide a method for quantifying the amount of

genetic differentiation occurring during this process.



CHAPTER V

SUMMARY

With the recent development of electrophoretic tech-

niques for demonstrating allelic variation at genetic loci

controlling the structure of enzymes and other proteins it

is now possible to compare populations and species with

respect to total genetic character or degree of genetic

variation and genetic similarity. In this study, 18 proteins

controlled by 20 genetic loci were examined electrophoreti-

cally from 19 naturally occurring populations representing

three species of Neotoma in order to elucidate the genetic

relationships of the three species.

Of the 20 loci examined, nine were monomorphic and

fixed for the same allele in all populations studied. Of

the polymorphic loci, 10 were polymorphic in populations of

N. albigula, nine were polymorphic in populations of N.

micropus, and seven were polymorphic in populations of

N. floridana. The contribution of individual loci to varia-

bility was measured as the effective number of alleles at

each locus. Five loci exhibited high effective numbers of

alleles: hemoglobin-1, hemoglobin-2, albumin, esterase-3,

esterase-8. Genetic variability was expressed as the pro-

portion of loci heterozygous in the average individual.

Mean heterozygosity values obtained for each of the three
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species indicated that N. albigula is least variable with

an average heterozygosity of 0.061, while N. micropus, the

most variable species, had a mean heterozygosity of 0.093.

Mean heterozygosity for N. floridana was 0.079. An average

heterozygosity value of 0.078 was obtained for the three

species, and was found to be within the range of values

reported for other rodents. Although the levels of hetero-

zygosity seen in Neotoma could not readily be explained,

the variation may be attributed to ecological factors.

The relationships of the three species of Neotoma were

analyzed on the basis of genetic similarity and differences

indicated by the 20 loci examined. Genetic similarity was

calculated for paired combinations of the three species using

both Nei's (1971) and Roger's (1972) coefficients of genetic

similarity. The average similarity values obtained for the

three species (Nei's 0.860; Rogers' 0.765) indicate that

they form a close taxonomic unit, and correlate closely to

values reported for semispecies of other taxa. On the basis

of geographic range and the occurance of hybrids N. albigula,

N. micropus, and N. floridana fit the classical definition

of semispecies, and the genetic similarity values for the

three species correlate closely to values reported for other

semispecies.

Divergence times obtained for the three species indi-

cated that N. albigula diverged approximately 155,000 years

BP, during the latter part of the Sangamon interglacial or
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early Wisconsin glaciation. N. micropus and N. floridana

diverged approximately 112,000 years BP, during the first

half of the Wisconsin. Divergence times obtained from bio-

chemical data correlate quite well with divergence times

from fossil data.
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