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Immunotaxonomic studies have largely been based

on serology in which either one of two parameters has

been used for establishing relationships: (1) the number

of precipitin arcs formed on Ouehterlony plates, or

(2) the total amount of precipitin resulting from

reactions with a standard antiserum.

Recognizing the restrictions of both methods,

electrophoresis and immunology, it seems desirable to

develop and evaluate techniques incorporating these

primary tools as a means of determining protein

homologies. Immunoelectrophoretic analysis (IEA) has

special applicability for it provides a means of more



objectively evaluating homologies at the generic and

family levels.

With the prime purpose of evaluating and develop-

ing techniques, two hypotheses are posed: (1) that

homologous pairs of proteins are more common in related

species and less common in more distantly related

species, and (2) that proteins from distantly related

organisms with common Rf values, when separated on

acrylamide gels, can more likely be considered to be

homologous if they exhibit the same antigenic properties.

The purpose of this study was to determine the

extent to which IEA can be used to establish isology and

possibly homology among soluble insect proteins. Insect

species whose relationships are well known have been used

to determine whether IEA reflects on the propinquity of

the species tested.

The contention and conclusion of this investi-

gation was that the techniques presented are of highly

significant value in establishing phyletic relationships

in closely and distantly related organisms.
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IMMUNOELECTROPHORETIC TECHNIQUES USED FOR
SYSTEMATIC INVESTIGATION

I. INTRODUCTION

Taxonomy historically has been based on com-

parative morphology, and relationships established

using phenotypic characters have resulted in widely

accepted animal phylogenies. The high phenotypic

correlation that exists among closely related species

has resulted in very stable taxonomic treatment. Among

more distantly related organisms, however, where the

degree of phenotypic correlation is low, decisions as to

the relationships and their concomitant taxonomic treat-

ment are often based on highly subjective criteria.

Especially in the absence of good fossil records the

choice of phenotypic characters as "primitive" criteria

suffers from this lack of objectivity.

It has thus been the objective of many workers

during the past half century to seek other more

objective means of evaluating inter-organism relation-

ships. Several of the more contemporary biological

disciplines, such as genetics, cytology, behavior and

ecology, have led to changes or clarification of
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inter-taxa relationships. One of the most intriguing

areas for exploration has been comparative biochemistry.

Since the general acceptance of Mendelian

genetics it has been postulated that a knowledge of the

chemical structure of individual chromosomes would

provide the ultimate tool in the determination of

phyletic relationships. The premise holds that the

establishment of base sequences would permit the

establishment of structural homology among species.

Fitch (1966), then with Margoliash (1967, 1969),

determined the amino acid sequences of cytochrome-C

from 20 eukaryotic species ranging from fungi to man.

On the basis of this information they constructed a

phylogenic tree to show the relationships among these

species. Their results are in good agreement with

zoological opinion.

The ultimate definitive factor would appear to

be the sequence of the principal specific purines and

pyrimidines in DNA. Zuckerkandl (1966) stated that

DNA is the coded form of the detailed record for

every living thing; it is the "total stock of genetic

information . . . expressed most tangibly in the
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protein molecules that endow the organism with its

form and function." Both DNA and protein molecules

document evolutionary history; both consist of one-

dimensional successions of slightly differing subunits,

and each subunit occupies a specific site.

The premise that DNA will provide ultimate

insight into phylogenetic studies has not yet been

realized primarily because of the technical difficulty

of obtaining sufficient quantity of material and

because of analytical problems posed by its high

molecular weight. Random hydrolysis of DNA destroys

specific sequencing; thus reduction of the size of DNA

must be accomplished with specific enzymes, few of

which are known. Even with specific enzymes little

significant information may be provided because of the

small number of code characters in the primary sequence

of the helix.

Because these limitations make direct DNA

analysis difficult and impractical, other more readily

available compounds have been sought. Zuckerkandl and

Pauling (1965) have proposed that proteins be used,

since they are transcriptional indicators of DNA.
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Accordingly, they introduced a nomenclature indicating

the number of biochemical steps away from the DNA the

data were obtained:

SEMANTIDE MOLECULAR LEVEL

primary DNA
secondary mRNA
tertiary protein
epi- end product

It can be seen that all semantides reflect the basic

structure of the chromosomes, but with each step removed

from the DNA the chance of transcriptional error increases.

Of all the semantides, the episemantides are the

most readily available and the most abundant. The

difficulty with using episemantides as taxonomical

characters, however, is that different enzymes may cata-

lyze identical reactions leading to the synthesis of the

same episemantic molecule. Of the remaining semantides

only the tertiary ones are available in analytical

quantities.

The tertiary semantide is not, however, without

its own disadvantages as a taxonomical character. The

principal difficulty is that the proteins are two bio-

synthetic steps removed from the primary semantide, thus

permitting the incorporation of errors both in the nucleus
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(transciptional errors) and in the cytoplasm (trans-

lational errors). Errors at either of these levels could

lead to incorrect conclusions about the base sequence of

DNA. In addition there are sequences which signal the

initiation and termination of replication. Even though

these areas do not produce semantides, a great amount of

phenetic data can still be obtained when these zones are

analyzed as control systems for the expression of

specific cistrons.

Molecular taxonomy began as early as 1866, when

Nylander used potassium hydroxide and calcium hypo-

chlorite treatments to induce color changes in plants.

Abbot (1886) screened groups of organisms seeking

species-specific inorganic chemicals. Most of the

huge amounts of data gathered have since been dis-

carded because of the lack of specificity of the

chemicals selected. Not until the development of

paper chromatography in 1944 were broad surveys of

molecular constituents of various phyla undertaken.

Recently, advances in the techniques of electrophoresis,

immunology, and DNA-hybridization have fostered phenetic

investigations at the micromolecular level.
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More recently data from amino acid sequencing

have been successfully applied to phylogeny. The amino

acid sequences of myoglobin and hemoglobin from the

lamprey (Rumen and Lowe, 1963), horse and various

primates including humans (Bettner, Janush and Hill,

1965) are not only species specific but have served as the

basis for the development of evolutionary trees with a

geological time scale (Ingram, 1963).

Although the use of amino acid sequence studies

in biochemical phenetics is exceedingly useful sequencing

is a long and tedious process. At present the sequences

of cytochromes-C are known for only four of one million

species of insects (Dayhoff, 1969). Consequently, the

surveys of individual differences in amino acid sequences

must await the development of biochemical techniques

which will allow large numbers of samples to be analyzed

in a reasonable period of time.

Another promising method of biochemical com-

parison is electrophoresis. Although it lacks the

refinement and potential of amino acid sequencing,

this method is an extremely sensitive means of protein
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characterization, separating molecules on the basis of

their size, conformation, and charge.

The colinearity of gene and protein structure

was established by Yanofsky and his colleagues (Yanofsky

et al., 1964; Guest and Yanofsky, 1965), making it

possible to relate a tertiary semantide directly to

DNA. Amino acid substitutions in a tryptic peptide of

tryptophan synthetase A protein were induced and shown

to be different from one another with respect to thermal

stability, solubility at low pH and electrophoretic

mobility. Seven out of nine induced mutants due to

single amino acid substitutes were detected by differing

rates of migration in polyacrylamide gel.

Electrophoretic techniques have undergone rapid

changes in the past 15 years, particularly in the type

of separating media utilized. From the moving boundary to

paper, agar, starch, and synthetics, each successively

developed medium has enhanced fraction discrimination. In

taxonomy, blood sera was the first class of proteins to be

widely studied, as the components were in solution, con-

centrated, and usually not difficult to obtain. Paper

electrophoresis of blood was used successfully to
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distinguish among the higher taxa in insects (Stephen and

Steinhauer, 1957; Clark and Ball, 1957; Stephen, 1960) and

vertebrates (Deutch and Goodloe, 1945; Dessauer and Fox,

1956; Johnson and Wicks, 1959). Zweig and Crenshaw (1957)

and Dessauer and Fox (1956, 1958) concluded that sub-

species of turtles, snakes and some amphibians could be

differentiated by quantitative and qualitative differences

in their plasma protein patterns.

Dessauer et al. (1962), using starch gel electro-

phoresis, were able to identify subspecies of the whiptail

lizard. In addition, populations at the zone of inter-

gradation were characterized by proteins of both sub-

species. Subspecies A proteins were found well within the

range of subspecies B, beyond the limits of intergradation

as determined by morphological characteristics. Dessauer

and Fox (1962), using starch gel as a separating medium,

were successful in establishing relationships within and

between populations of the same species.

The elaboration of polyacrylamide disc electro-

phoresis by Ornstein and Davis (1962), increased the

discriminating sensitivity among proteins. Polyacrylamide

gels have the advantages over other media in that
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they are thermostable, transparent, strong, simple to pre-

pare and their pore size can be modified. Modification of

the pore size allows one to take advantage of the sieving

effects of the synthetic at the molecular level. Also,

polyacrylamide is non-ionic, consequently eliminating

endosmotic flow which is common to paper, agar, and starch.

Thus the technical development of electrophoresis has per-

mitted the discrimination of macromolecules that may be

used to characterize individuals, populations and higher

taxa.

In studying closely related or sibling species

electrophoretic patterns have been found to be very

similar, and proteins with the same Rf values are con-

sidered to be homologous. When comparing more distantly

related species, i.e., different genera, families or

orders, however, "homologizing" proteins solely on the

basis of comparable Rf values becomes highly subjective.

If "primitive" molecules (Zuckerkandl, 1965) are common to

a family of organisms, there may be proteins that are

common to an order or perhaps a phylum. Rf values in them-

selves are inadequate for determining homologies among

such proteins. Supporting criteria, more easily
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determined than the sequencing of amino acids, may be

available to support the electrophoretic data in

postulating homologies among proteins.

One such criterion is immunoelectrophoretic

analysis (IEA), a technique developed by Grabar and

Williams (1953) which combines electrophoresis with

immunology. IEA, as a means of protein identification,

utilizes two molecular properties to establish protein

homologies: (1) its R
f
value in an electrophoretic system,

and (2) its immune reaction response (precipitin) in the

presence of a standard antiserum.

Use of the immune response as a taxonomic test is

not new. It was first used shortly after the discovery of

the precipitin test. Bordet (1899), experimenting with

serological reactions, found that the serum of a rabbit,

injected with fowl serum, precipitated with the addition

of fowl or pigeon serum. Early investigators used simple

mixtures of antiserum and antigen and based relationships

on the development of cloudiness or precipitate after

varying periods of incubation. Using the precipitin test,

Fiedenthal (1905) obtained weak reactions between serum

of the frozen Siberian mammoth and antiserum against
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Indian elephant. Boyden and Noble (1933), using

essentially the same techniques, studied the relationships

among various amphibia. It was not until 1943 (Boyden and

De Falco) with the development of the photonreflectometer

that serological relationships were quantified. The

limitations of serological methods, however, are the

following: (1) not all antigen antibody complexes produce

a precipitin reaction; (2) if optimum proportions of

antigen and antibody are not present, precipitin reactions

will not occur; and (3) when the amount of precipitate is

measured directly using spectrophotometry there is no

information about the number of antigen-antibody complexes

involved.

In 1948, Ouchterlony introduced a gel diffusion

precipitin test employing double immunodiffusion as a

means of identifying protein homologues. Antigen and

antibodies are placed in two wells spaced at given

intervals in an agar gel and allowed to diffuse

(Ouchterlony, 1968). When optimum proportions have

diffused, visible lines of precipitate form in the gel

matrix. It is particularly useful for studying com-

plicated antigen-antibody systems because of its high
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resolution and the ease with which one system can be

compared with another.

Although, different antigens normally diffuse

at different rates, mixtures of numerous antigen-

antibodies may appear to be homologous. Problems

associated with the identification of fractions in these

complex mixtures provided the impetus for the development

and use of immunoelectrophoresis.

The use of the immune response as an aid in

protein identification is well illustrated in the work

with insulin (Harris et al., 1956). Insulin was shown to

have undergone evolutionary changes in various species

with differences involving only one, two or three amino

acids. Although the physiological function of the insulin

was not altered, the mutant forms could be distinguished

by serological means. This would tend to suggest that

the active sites of the molecule are not the only part

of the molecule involved in the immune response.

Immunotaxonomic studies have largely been based on

serology in which either one of two parameters has been

used for comparison: (1) the number of precipitin arcs

formed on Ouchterlony plates, or (2) the total amount of
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precipitin resulting from cross reactions with a standard

antiserum (Boyden and Noble, 1933; Boyden, 1942; Williams,

1964).

Recognizing the restrictions of both methods,

electrophoresis and immunology, it seems desirable to

develop and evaluate techniques incorporating these

primary tools as a means of evaluating protein homologies.

IEA has special applicability for it provides a means of

more objectively evaluating homologies at the generic

and family levels.

With a primary goal of evaluating and develop-

ing techniques, two hypotheses are posed: (1) that

homologous pairs of proteins are more common in related

species and less common in more distantly related species;

and (2) that proteins from distantly related organisms

with common R
f
values, when separated on acrylamide gels,

can more likely be considered to be homologous if they

exhibit the same immunologic properties.

It is the purpose of this study to determine the

extent to which immunoelectrophoretic analysis can be

used to establish isology and possibly homology among

soluble insect proteins. Insect species whose
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relationship are well known will be used to determine if

IEA reflects the propinquity of the species tested.
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II. MATERIALS AND METHODS

Biological Material

Two phylogenetically distinct insect groups were

selected for these preliminary studies, cockroaches and

social bees. Representative species from these groups were

selected because of their large size which yielded large

amounts of antigenic protein for the development of strong

antibody titer in rabbits. Seven species of cockroaches

were obtained from inbred colonies maintained at Oregon

State University; the remaining two species were obtained

from Louis M. Roth, Pioneering Research Divn., U.S. Army

Natick Laboratories, Natick, Massachusetts. Antibody

titer was developed against the following four species

of cockroaches: Periplaneta americana (L.), Blaberus

craniifer Burmeister, Blaberus giganteus (L.), and

Leucophaea maderae (Fabr.). Heterologous immuno-

electrophoretic reactions against each of the above were

undertaken using the antigenic extracts from Blatta

orientalis (L.), Archimandrita marmorata (Stoll), Blaberus

discoidalis Serville, Byrsotria fumigata (Guerin), and

Eublaberus posticus (Erichson). These species were
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selected as representative of four groups of cockroaches

considered to be phyletically dissimilar by most the

recent revisors (McKittrick, 1964; Princis, 1960; Rehn,

1951). The taxonomic treatments of the cockroach species

employed in this study are listed in Table I.

From the bees, Bombus californicus (F. Smith),

Bombus bifarius (Cresson), and Apis mellifera (L.) were

selected as antigen sources for the production of

antisera. These species were selected because at the

time the study was initiated, they were the most readily

available. B. bifarius was difficult to obtain during the

second year of the study, and consequently antisera repre-

senting only B. californicus and A. mellifera were tested.

Antigens from the following species of bumble bees were

cross-reacted with each of the antisera: B. (Pyrobombus)

vosnesenskii (Radoszkowski), B. (Subterraneobombus)

appositus (Cresson), B. (Bombus) occidentalis (Greene),

and B. (Fervidobombus) californicus. These species

represent four of the six subgenera of the new world

Bombus. All the species of cockroaches were also cross-

reacted with antisera developed to A. mellifera and

B. californicus.



TABLE I. CLASSIFICATION OF COCKROACHES.

McKittrick (1964) Princis (1960) Rehn (1951)

Order Bictyoptera

Suborder Blattaria

Superfamily Blattoidea

Family Blattidae

Subfamily Blattinae

Blatta orientalis (L.)

Periplaneta americana (L.)

Family Blaberidae

Subfamily Blaberinae

Archimandrita marmorata (Stoll)

Blaberus craniifer Burmeister

Blaberus discoidalis Serville

Blaberus giganteus (L.)

Byrostria fumigata (Guerin)

Eublaberus posticus (Erichson)

Subfamily Oxyhaloinae

Leucophaea maderae (F.)

Order Blattaria

Suborder Blaberoidea

Family Blaberidae

Subfamily Blaberinae

Archimandrita marmorata (Stoll)

Blaberus craniifer Burmeister

Blaberus discoidalis Serville

Blaberus giganteus (L.)

Byrostria fumigata (Guerin)

Eublaberus posticus (Erichson)

Family Oxyhaloidae

Leucophaea maderae (Fabr.)

Suborder Blattoidea

Family Blattidae

Subfamily Blattinae

Periplaneta americana (L.)

Blatta orientalis (L.)

Family Blattidae

Subfamily Blattinae

Tribe Blattini

Periplaneta americana (L.)

Blatta orientalis (L.)

Subfamily Epilamprinae

Tribe Leucophaeini

Leucophaea maderae (F.)

Subfamily Blaberinae

Tribe Blaberini

Archimandrita marmorata (Stoll)

Blaberus craniifer Burmeister

Blaberus discoidalis Serville

Blaberus giganteus (L.)

Byrostria fumigata (Guerin)

Eublaberus posticus (Erichson)
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An inbred strain of New Zealand rabbits with large

marginal ear veins was used for antigen production.

Preparation of Antigens

Bees and cockroaches were immobilized by refriger-

ation, and the thoraces and legs were removed. Muscle was

carefully teased free from all cuticle and hard supportive

tissue, and care was taken to exclude nerve, fat and other

extraneous tissue. The muscle was then transferred to a

preweighed glass tissue homogenizer and weighed. A 40%

sucrose solution was added at a 1:3 (weight/volume) ratio,

1 g of tissue per 3 ml of sucrose solution. Because of

the limited amount of tissue available, this was the

only means by which the protein concentration of the

extract could be standardized both for electrophoresis

and for its use as an antigen. Small tissue homogenizers

were used so that denaturation of the protein could be

kept at a minimum and physical force could be applied to

increase protein solubility. Furthermore, by using small

glass grinders there was no need to transfer the tissue

homogenates before centrifugation, thus conserving the

scant antigenic material.
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The tissue was alternately ground and soaked four

or five times during an 18-hour period on the following

schedule: the tissue was ground for 30 to 45 seconds and

then stored for 4 hours at 1 to 2° C; it was re-ground and

returned to storage for another 4 hours; the tissue was

ground a third time and stored for an additional 8 hours

after which the tissue was again ground and spun down.

The homogenate was centrifuged at 10,000 g for 40

minutes at 1 to 2° C. The supernatant was carefully

pipetted to a spot plate on a bed of ice preparatory to

injection or disc electrophoresis.

The protein concentrations of all antisera and

seven antigens were determined by two methods: spectro-

photometry (Kalckar, 1947); and a modification of the

Lowry method (Lockshin and Williams, 1965).

Three general methods of extraction were tried to

obtain the maximum number of soluble, antigenic proteins:

mechanical wetting (Campbell et al., 1964), micro-

homogenizing and sonifying. Three different solvent

systems, saline (0.1 M NaC1), 0.018 M phosphate buffer

(EH 7.8) and 40% sucrose solution, were used in conjunction

with each of the mechanical methods. After each antigen
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was prepared rabbits were injected and bled; the titer

and the number of precipitin arcs were determined by

precipitin titration (Campbell et al., 1964).

Preparation of Antisera

Antisera against each of the insect species were

prepared in triplicate. A number of published and

unpublished methods of developing high antibody titer were

used. The modified schedules suggested by Kabat (1964)

and Campbell et al. (1964) were found to be the most

effective. Using A. mellifera and L. maderae as represen-

tative species, evaluation of schedules was determined

using precipitin titration and the number of arcs formed

in immunoelectrophoresis as criteria.

Several injection schedules were tried. Homo-

genates from insect thoracic muscle were used in

developing all the antisera.

Rabbits were not used if a weak response (less

than eight arcs) was obtained after completion of the first

injection schedule (Table II).

Six months later the anamnestic response was

initiated using the second injection schedule (Table III).
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TABLE II. INJECTION SCHEDULE I FOR THE PRODUCTION
OF ANTISERA.

Day Type of injection Amount

1 subcutaneous 0.5 ml of antigen + 0.5
of Freund's Incomplete

ml

Adjuvant

1 intravenous 0.1 ml of antigen + 0.2
of sterile H2O

ml

3 intravenous 0.1 ml of antigen + 0.2
of sterile H2O

ml

5 intravenous 0.15 ml of antigen + 0.2
of sterile H2O

ml

8 intravenous 0.15 ml of antigen + 0.2
of sterile H2O

ml

10 intravenous 0.2 ml of antigen + 0.2
of sterile H2O

ml

12 intravenous 0.3 ml of antigen + 0.2
of sterile H2O

ml

12 subcutaneous 0.5 ml of antigen + 0.5
of Freund's Incomplete

ml

Adjuvant

17-19 (bleed and test
for titer)
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TABLE III. INJECTION SCHEDULE II FOR THE PRODUCTION
OF ANTISERA.

Day Type of injection Amount

1 subcutaneous 0.5 ml of antigen + 0.5
of Freund's Incomplete

ml

Adjuvant

1 intravenous 0.3 ml of antigen + 0.2
of sterile H2O

ml

3 intravenous 0.1 ml of antigen + 0.1
of sterile H2O

ml

7-8 bleed and test

9 intravenous
(after bleeding)

0.15 ml of antigen + 0.2
of sterile H2O (watch
closely for shock)

ml

13-14 bleed and test
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Collection of Antisera

Blood was collected from an incision in the mar-

ginal ear vein in a vasculated rabbit (Figure 1). The

technique outlined by Campbell et al. (1964) resulted in

excessive lysis, thus prompting the development of the

procedure outlined below.

Animal Treatment

The ear of a restrained rabbit was wetted with 70%

isopropyl alcohol to help prevent contamination and the

hair carefully shaved to prevent the blood from clotting

on the ear hair. A towel was placed over the rabbit's

eyes to help relax the animal. A 10-watt incandescent

lamp was placed under the ear and a 60-watt incandescent

lamp over the body to raise the body temperature and

increase circulation. Care was taken not to overheat the

animal. The ear was pinched at the base and the marginal

ear vein was slit longitudinally for about 3 mm.

Blood Collection

The first few drops of blood were discarded

because they usually contained lysed red blood cells.
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Figure 1. Rabbit ear illustrating good
vascularization.
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Blood was collected in clean, sterile tubes held at an

angle so that the blood flowed down the sides and did

not drop to the bottom; dropping often caused lysis.

Veins and arteries were rubbed gently to keep them dilated

and to increase blood flow. In a calm atmosphere up to

50 ml of blood were collected in 20 minutes.

Blood Treatment

Each blood sample was numbered and incubated at

37° C for 20 minutes. It was then refrigerated for 1 to

2 hours to reduce the clot size. The blood was spun for

1 to 2 minutes at 1,000 2 to bring the clot down. The

serum was transferred to a new tube and sput at 1,000 g

for 20 minutes, then decanted into a clean tube. The pro-

cess was repeated until RBCs were completely removed. Only

light yellow sera were kept. The serum was transferred to

a sterile, 20 ml evacuated glass tube containing 0.1 ml

of saline solution (Vacutainer B-D, Becton, Dickinson

and Company). Sufficient Lyphogel
1
was used to concen-

trate the sera to an approximate standard concentration of

110 mg/ml of protein.

1
Gelman Instrument Company.
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Disc Electrophoresis

The methods of polyacrylamide disc electrophoresis

were essentially those of Ornstein and Davis (1962).

Tubes, approximately 1.5 times the normal tube

volume were used (92 mm x i.d. 4.5 mm) to increase the

amount of sample protein in the gels.

Using conventional electrophoresis, over 75% of

the protein fractions remained in the anodal half of the

separating gel. Upon immunodiffusion a mass of arcs

occurred in the region, most of which were superimposed.

An attempt was made to spread the protein fractions more

uniformly throughout the gel, thus simplifying identifi-

cation of the arcs.

Proteins concentrated at the anodal end of the

separating gel were assumed to be high in molecular weight

and/or low in molecular charge. More uniform separation on

the gel was attempted through the use of different gel

concentrations in a single tube. Individual tubes,

each with gels of four different acrylamide concentrations,

were tested. Using gradations of 0.5% with the highest

percentage of acrylamide at the cathodal end, the following
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series of concentrations gave maximal separation of

proteins of the species used in this study: 0.2 ml of 5.5%

acrylamide, 0.2 ml of 6% acrylamide, 0.3 ml of 6.5%

acrylamide, and 0.4 ml of 7% acrylamide (Figure 2).

A 40-microliter sample of antigen was introduced

onto the polymerized stacking gel with the aid of an

Eppendorf pipette.

A current of 3 mA per tube of gel was used until

the tracking dye left the 5.5% acrylamide gel (approxi-

mately 30 minutes); the current was then increased to 4 mA

per tube for 90 minutes.

After electrophoresis entire or longitudinally

bisected gels were used for double immunodiffusion

studies. Gels were divided using a cutter designed by

W. P. Stephen (Figure 3). Gels with protein from each

species were bisected longitudinally (Figures 4, 5 and 6).

One-half of each gel was stained with Comassie blue

(Chramback et al., 1967) and retained for protein reference;

the other half was used for immunodiffusion. The stained

half was superimposed upon the plate in which immuno-

diffusion had occurred in order to locate antigenic

fractions.
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Figure 2. Stained protein bands of L. maderae
illustrating interfaces of four gel
concentrations and grid numbering
system.
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Figure 3. Polyacrylamide gel cutter.

Figure 4. Inserting acrylamide gel into
cutter.
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Figure 5. Cutting acrylamide gel.

Figure 6. Gel cut into equal halves.
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Double Immunodiffussion

The double immunodiffusion were essentially those

of Grabar and Williams (1953), except for the modifications

cited below.

After the acrylamide gel was removed from the tube,

it was placed on a glass slide previously cleaned in

dilute cleaning acid, rinsed in distilled water, air

dried, and coated with a 2% Ionagar solution. A whole

(or half) gel was allowed to fix to the slide by standing

for 3 to 5 minutes. The gel and the slide were then

completely covered with approximately 3.5 ml of 2%

Ionagar solution containing merthiolate (1:20,000). After

the gel was set, a trough was cut in the Ionagar parallel

to the embedded gel, the bottom of the trough was covered

with 0.5% Ionagar solution and allowed to set for 2 to 3

minutes (Figure 7). The addition of agar was necessary to

prevent the antiserum from diffusing between the glass

slide and the agar.

Concentrated homologous or heterologous antiserum

(0.2 ml) was introduced into the trough. The slide was

developed in a Petri dish containing a cotton ball
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Figure 7. Agar covered gel in a petri
dish.
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saturated with hot water. The Petri dishes were maintained

at room temperature and the cotton ball was kept saturated

with water. The inside of each dish was wiped daily with

70% isopropyl alcohol.

During each of the 3 to 12 days of development the

arcs on each slide were photographed using a back light

for maximal contrast.

Arcs appeared as early as 3 days and continued to

develop for 12 days in preparations from both bees and

cockroaches. Figure 8 illustrates arcs formed during the

primary development period, 1 to 5 days, of the homo-

logous reaction of B. californicus x anti-B. californicus,

and Figures 9 and 10 shows arcs formed in the secondary

development period, 6 to 12 days.

The first group of arcs were usually distorted or

superimposed by those of the second group. In addition

some arcs developed early and then began to disappear,

presumably due to changes in antigen and antibody ratios.

Thus it was necessary to record arc formation on each

gel at regular intervals. The recording was done by draw-
.

ing and photographing each gel daily during the development

period.
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Figure 8. B. californicus x anti-
B. californicus primary
development.
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Figure 9. B. californicus x anti-
B. californicus secondary
development.

Figure 10. B. californicus x anti-B. californicus
10-day development.
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Slides to be photographed were placed over a grid

so that one grid unit underlay the interface of the

stacking and the running gels (Figure 2). This permitted

localization of the position of each arc. Arcs which lay

at exactly the same positon in cross reactions of two

different species were assumed to represent homologous

protein fractions.

Often one extremely heavy protein band appeared

(Figure 11), which contorted or modified precipitin

patterns in its proximity. This excessive precipitate

was an impediment to further arc development and thus

only data prior to its formation were used.
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Figure 11. B. orientalis x anti-P. americana
heavy precipitin barrier.
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III. RESULTS AND DISCUSSION

Preparation of Antigens

Thoracic muscle was chosen as the tissue source for

study because it lacks pigments common to whole body homo-

genates and because the use of a single tissue restricts

the variability that is associated with whole body homo-

genates. Furthermore, muscle is free of all foreign

protein (such as food found in the alimentary tract),

and since muscle is principally protein, it is the largest

single source of soluble proteins.

Sucrose, phosphate and saline buffers were

tested as solvent systems for protein extraction from

insect muscle in the initial studies. The eluted soluble

proteins were stored at 1 to 2° C. No significant quan-

titative differences were found when the extracting

properties of the three solvents were compared. However,

a qualitative difference was observed on precipitin titra-

tion. In the homologous reactions of A. mellifera x anti-

A. mellifera and L. maderae x anti-L. maderae, the sucrose

extracts consistently yielded a greater number of arcs than

those of the other solvent systems. Sucrose extracted
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A. mellifera x anti-A. mellifera produced 12 arcs, whereas

the phosphate and saline extracts each produced eight arcs.

In the reaction of L. maderae x anti-L. maderae, the

sucrose extract produced 15 arcs, while with the next

highest solvent system, phosphate buffer, there were only

12.

Protein extracting procedures were thus standard-

ized by consistently using 40% sucrose as the solvent in

order to permit replication of antigens prepared over a

period of several months. Concentrations of soluble

proteins taken from insect thoracic muscle at three

different periods during the study are cited in Table IV.

These concentrations reflect the general replicability of

the extracting procedure.

Preparation of Antisera

The small quantity of tissue available necessi-

tated experimentation to determine the most efficient

technique of achieving a high titer of antibody. Several

injection schedules (Kabet, 1964; Campbell et al., 1964)

were tried. The highest antibody titer was obtained and

maintained in selected rabbits by a combination of
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TABLE IV. SOLUBLE PROTEIN CONCENTRATION EXTRACTED IN 40%
SUCROSE AND DETERMINED BY A MODIFIED LOWRY TEST
OF THORACIC MUSCLE EXTRACTS USED AS ANTIGENS.

Species

Replicate

Mean
1

(mg/ml)

2

(mg/ml)

3

(mg/ml)

E. posticus 119 118 119 119

P. americana 103 100 99 101

B. giganteus 104 104 104 104

L. maderae 101 101 100 101

B. craniifer 105 105 107 106

B. californicus 134 135 136 135

A. mellifera 113 114 112 113
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intravenous and subcutaneous injections outlined in Tables

II and III. Samples of antisera were taken from 1 to

12 weeks after Schedule I was completed. Using IEA the

homologous reactions of A. mellifera and L. maderae, as

representative species of bees and cockroaches, were

determined. The decrease in titer with time after the

administration of antigen according to Schedule I is

recorded in Table V.

Schedule II injections were commenced after

resting the animals for 4 to 6 months. There was a

more intense immune response within 7 days after

Schedule II was initiated. L. maderae reacted with anti-

L. maderae produced 15 arcs, compared to the 11 arcs

after the completion of Schedule I; A. mellifera x anti-

A. mellifera produced 12 arcs compared to only nine

after Schedule I. A similar increase in the immune

response was also noted by Burnet and Fenner (1949).

The titer of each antiserum was determined by

means of serum dilutions and IEA, in which the number of

antigen-antibody complexes were recorded for each serial

dilution (Table VI). After completion of Injection
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TABLE V. NUMBER OF ARCS PRODUCED BY IEA USING UNDILUTED
SERA AFTER SCHEDULE I WAS ADMINISTERED.

Weeks

1 3 6 9 12

A. mellifera x anti-A. mellifera 9 8 4 3 0

L. maderae x anti-L. maderae 11 9 6 2 0
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TABLE VI. NUMBER OF ANTIGENS REACTING IN IEA WITH
HOMOLOGOUS ANTISERA.

Number of
Antisera Serum dilution arcs formed

A. emilifera 1:10 8

1:100 6

1:1000 5

L. maderae 1:10 7

1:100 2

B. giganteus 1:10 4

1:100 1

B. craniifer 1:10 4

1:100 3

P. americana 1:10 5

1:100 3
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Schedule II the titer and the numbers of precipitin arcs

were determined by IEA in five homologous reactions.

Three facts point to a low antigenicity of the

muscle protein of the insects tested: (1) few precipitin

arcs were formed after the completion of Injection

Schedule I; (2) after the completion of Injection

Schedule II there was an increase in titer and the

number of precipitating antigen-antibody complexes; and

(3) the antiserums diluted out quickly (Table VI).

Differences in the titer and number of precipitin arcs

formed between and among the homologous reactions could

be caused by biological variability among the rabbits,

since inbred stock was not used.

Collection of Antisera

Collection of blood from the ear was preferred to

heart puncture as it permitted the sampling from any given

animal without the formation of scar tissue and with

minimal trauma and danger of losing the animal. Ear

bleeding also reduced the amount of lysis that occurred.

The collecting and concentrating was done in 5 to 6 hours.

The antisera were concentrated using Lyphogel so that a
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nearly constant protein concentration (Table VII) could be

maintained for individual antisera. Once the protein con-

centration was established and shown to be reproducible,

the titers of the antisera were likewise kept constant

when measured against the antigen. When the antisera were

concentrated it was possible to get consistent numbers of

arcs from different samples of the same antiserum. The

final protein concentration of antisera used in the tests

that follow are presented in Table VII.

Antisera was utilized 48 hours after preparation

to standardize technique.

Disc Electrophoresis

Most of the proteins obtained from the thoracic

muscle of the cockroaches and bees migrated short

distances in a standard 7.5% acrylamide gel. This

suggests they were of high molecular weight and/or low

molecular charge or that their conformation was complex.

These slow-moving proteins also participated in the

majority of the visible precipitin arcs in immunoelectro-

phoresis. Thus not only were bands difficult to

distinguish but arcs were either superimposed or they
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TABLE VII. PROTEIN CONCENTRATION OF ANTISERA.

Antisera

Replicate

Mean
1

(mg/ml)
2

(mg/ml)

3

(mg/ml)

anti-A. mellifera 94 94 94 94

anti-B. californicus 106 107 107 107

anti-L. maderae 81 89 73 81

anti-B. giganteus 101 101 101 101

anti-B. craniifer 108 107 106 107

anti-P. americana 101 101 102 101
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physically interfered with the migration of other anti-

genic proteins (Figure 13). This can be seen by comparing

Figure 12 (a composite of the arcs formed by IEA as they

appeared) with Figure 13 (a stained bisected gel and IEA

arcs).

In order to identify each protein fraction and

its homologous arcs, it was necessary to effect a more

uniform distribution of antigenic proteins along the

gel which was subjected to immunodiffusion. The problem

was compounded by the fact that 40 microliters of 100 to

134 mg/ml of antigenic protein are needed for adequate

protein reactions on IEA. This is a ten-fold increase over

that normally used. Increasing the current and lengthen-

ing the running time resulted in excessive heating of

the sample and denaturation. The problem was resolved

by using oversized tubes and by taking advantage of the

sieving properties of different concentrations of

acrylamide gel.

Further difficulties were encountered with the

polymerization of the sample gel when large quantities of

samples were added. Polymerization was accomplished by
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Figure 12. Composite drawing of precipi-
tin arcs on P. americana x
anti-P. americana.

Figure 13. P. americana x anti-P. americana stained
bisected gel and precipitin arcs.
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premixing the sample gel on a spot plate and transferring

protein-acrylamide mixture to the glass tube.

When acrylamide of four different gel percentages

and larger tubes were used, the resultant sieving effect

gave much better separations of the antigenic proteins.

Immunoelectrophoretic Analysis

Gels embedded in agar were used for IEA. Gels

were bisected longitudinally, and one-half was used for

IEA studies and the other half stained for protein bands

(Figure 14).

The purpose of using the split gel technique was

to permit association of a stained protein band with a

specific precipitin arc in the same gel. Such associa-

tions were necessary for the identification of antigenic

fractions of insect protein. It is recognized that

antigenic proteins do not always form arcs in this

system, but those that do, do so consistently.

In Figure 13 one-half of an electrophoresed and

stained gel can be compared with the other half which was

used for IEA. This association was difficult to establish

because of the diffuse protein bands in the stained gel.
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4

Figure 14. B. appositus x anti-B. californicus stained
bisected gel, grid and precipitin arcs.
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The amount of diffusion was directly proportional to the

quantity of protein separated; but since large amounts

were necessary for IEA, band diffusion or distortion had

to be accepted. Thus it became obvious that a means of

referring to and identifying homologous arcs on different

slides had to be developed. A slide on which precipitin

arcs had formed was superimposed on a grid so that a grid

line lay under the interface of the stacking and separating

gels (Figure 15). The grid was placed in position using

the interface of the sample and first acrylamide gel con-

centrations. The first grid unit was referred to as gl,

the next as g2, etc. The grid provided an aid by which

the R
f
value could be determined and compared between and

among tests. Two references were now possible--the inter-

faces of the various running gel concentrations as the

primary reference, and the grid itself as the secondary

reference. Thus with the above two parameters each arc

was given a value which was then used to establish

position homology when comparing two or more arcs.

The method of nomenclature is illustrated in

Figures 15, 16, 17, 18 and 19 and Tables VIII, IX, X, XI

and XII. In establishing a value for a specific arc one of
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Figure 15. Graphic representation
of arcs G 1, 2-g3a and
G 1-g1a.

TABLE VIII. HOMOLOGOUS AND HETEROLOGOUS REACTIONS WHICH
FORMED ARCS G 1, 2-g3a AND G 1-gla.

G 1-gl G 1, 2-g3a

Antigen Antisera Antigen Antisera

Eublaberus posticus Blaberus uiganteus Eublaberus posticus Periplaneta americana

Blaberus craniifer Luecophaea maderae

Blaberus craniifer

Luecophaea maderae Blaberus giganteus Luecophaea maderae Luecophaea maderae

Luecophaea maderae Blaberus craniifer

Blaberus giganteus

Byrostria fumigata Blaberus giganteus Byrostria fumigata Blaberus giganteus

Periplaneta americana Periplaneta americana

Blaberus craniifer Blaberus craniifer Blaberus craniifer Leucophaea maderae

Periplaneta americana Periplaneta americana

Blaberus discoidali5 Luecophaea maderae

Periplaneta americana

Blatta orientalis N.R. Blatta orientalis N.R.

Periplaneta americana Periplaneta americana Periplaneta americana Periplaneta americana

Archimandrita Blaberus giganteus
marmorata
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Figure 16. Graphic representation

of arcs G 3-g4s,
G 3-g6s, and G 3-g6 s.

TABLE IX. HOMOLOGOUS AND HETEROLOGOUS REACTIONS WHICH
FORMED ARCS G 3-g4s, G 3-g6s, AND G 3g61s.

G 3 -g4s G 3-g6s G 3-g61s

Antigen Antisera Antigen Antisera Antigen Antisera

Blaberus Leucophae Blaberus Periplaneta
aiganteus maderae giganteus americana

Periplaneta Periplaneta Periplaneta Leucophaea
americana americana americana maderae

Periplaneta
americana

Blatta Periplaneta
orientalis americana

Blaberus Leucophaea Blaberus Periplaneta
discoidalis maderae discoidalis americana

Blaberus Leucophaea Blaberus Blaberus Blaberus Blaberus
craniifer maderae craniifer craniifer craniifer craniifer

Periplaneta Leucophaea
americana maderae

Periplaneta
americana

Leucophaea Leucophaea Leucophaea Leucophaea
maderae maderae maderae maderae

Periplaneta Periplaneta
americana americana

Eublaberus Leucophaea
posticus maderae

Blaberus Periplaneta
giganteus americana
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Figure 17. Graphic representation
of arcs G 1 + 2-g3a
and G 3-g6a.

TABLE X. HOMOLOGOUS REACTIONS WHICH FORMED ARCS
G 1+ 2-g3a AND G 3-g6a.

G 1 + 2 -g3a

Antigen Antisera

G 3 -g6a

Antigen Antisera

Blaberus discoidalis Periplaneta americana Blaberus discoidalis Periplaneta americana

Blaberus giganteus

Leucophaea maderae

Blatta orientalis Periplaneta americana

Periplaneta americana Periplaneta americana Periplaneta americana Periplaneta americana

Leucophaea maderae Periplaneta americana

Blaberus craniifer

Blaberus craniifer Blaberus craniifer Blaberus craniifer Blaberus giganteus

Periplaneta americana

Byrostria fumigata Blaberus giganteus Byrostria fumigata Periplaneta americana

Eublaberus posticus Blaberus craniifer

Periplaneta americana

Blaberus giganteus

Leucophaea maderae

Blaberus giganteus Leucophaea maderae Blaberus giganteus Blaberus giganteus

Archimandrita Blaberus giganteus Archimandrita Periplaneta americana
marmorata marmorata
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Figure 18. Graphic representation
of arcs G la and
G 1, 2-gl, 2, 3.

TABLE XI. HOMOLOGOUS AND HETEROLOGOUS REACTIONS WHICH
FORMED ARCS G la AND G 1, 2-gl, 2, 3.

G la G 1, 2-gl, 2, 3

Antigen Antisera Antigen Antisera

Blaberus craniifer Periplaneta americana Periplaneta americana Blaberus craniifer

Blaberus giganteus

Blaberus giganteus Periplaneta americana
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Figure 19. Graphic representation
of arcs G 1-gla and
G 2-g3, 5a.

TABLE XII. HOMOLOGOUS AND HETEROLOGOUS REACTIONS
WHICH FORMED ARCS G 1-gla AND G 2-g3, 5a.

G 1-gla G 2-g3, 5a

Antigen Antisera Antigen Antisera

Blaberus giganteus Blaberus giganteus

Periplaneta americana Periplaneta americana

Leucophaea maderae Periplaneta americana

Blaberus craniifer

Byrostria fumigata

Blaberus craniifer

Blaberus giganetus

Leucophaea maderae

Periplaneta americana

Leucophae maderae

Periplaneta americana

Blaberus giganteus

Periplaneta americana

Blaberus craniifer

Periplaneta americana

Blaberus giganteus

Periplaneta americana
(arc distorted)

Periplaneta americana

Blaberus giganteus

Blaberus craniifer

Eublaberus posticus Periplaneta americana

Blatta orientalis Periplaneta americana

Archimandrita Blaberus craniifer Archimandrita Blaberus craniifer
marmorata mormorata
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two points on an arc was used in identifying it, either

the starting point, s, or the apex, a. In each table

the assigned code name for a specific arc is centered

over the antigen and antisera columns. The paired columns

represent antigens and antisera reactions in which the

specific arc was observed.

Due to physicochemical parameters, such as

similar binding sites of different antigens and improper

proportions of antigen-antibody concentrations, arcs

often appeared in heterologous but not in homologous

reactions. For example, arc G 3-g6
1
can be observed in

B. giganteus x anti-P. americana, but it is not visible in

B. giganteus x anti-B. giganteus or in P. americana x

anti-B. giganteus (Figure 16). Although not visible in

the latter two reactions, the antigenic protein is

undoubtedly present because it did appear in B. giganteus

x anti-P. americana. Its absence in the other cross

reactions is probably due to excess antigen or antibody.

Reproducibility of data was the criterion used to

establish the acceptability of a technique for the studies

which followed. The lack of variability of the data using

different antigens of the same species attested to the
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stability of each of the "antigen-antisera units" being

employed as taxonomic characters.

Each homologous test was repeated 12 times and

each heterologous test three times. This was necessary in

order to determine the optimum dilution and times of

application of the antisera. Figures 20, 21, and 22

illustrate the consistency between tests using A. mellifera

antigen preparation and basing replication on the number of

precipitin arcs and their identical positions. Figures 23

and 24 show the consistency between tests using different

antigen preparations of the same species, A. mellifera x

anti-A. mellifera. It was necessary to establish that

the physical components of the system could be con-

sistently manipulated to yield replicable data; variability

is often attributable to the biological components.

Orthoptera

The results of homologous and heterologous

reactions of proteins from the various species of cock-

roaches are cited in Table XIII and in Figures 12, 13, 25,

26, and 27. Higher numbers of precipitin arcs formed in

the homologous reactions than the heterologous reactions.
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Figure 20. A. mellifera x anti-A. mellifera, Set I,
Slide 1.

Figure 21. A. mellifera x anti-A. mellifera, Set I,
Slide 2.

Figure 22. A. mellifera x anti-A. mellifera, Set I,
Slide 3.
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Figure 23. A. mellifera x anti-A. mellifera, Set II,
Slide 1.

Figure 24. A. mellifera x anti-A. mellifera, Set II,
Slide 2.



TABLE XIII. NUMBER OF ARCS FORMED IN HOMOLOGOUS AND
HETEROLOGOUS REACTIONS OF COCKROACHES.

Antigens

Antisera

Leucophaea Blaberus Blaberus Periplaneta
maderae giganteus craniifer americana

Leucophaea maderae 15 4 4 7

Blaberus giganteus 10 9 N.D.
2

10

Blaberus craniifer 6 8 10 10

Periplaneta americana 6 7 N.D. 14

Eublaberus posticus 4 7 8 6

Archimandrita marmorata 5 9 8 6

Byrostria fumigata 2 7 6 9

Blatta orientalis 4 7 N.D. 7

Blaberus discoidalis 6 6 N.D. 9

2
Not determined.
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Figure 25. B. giganteus x anti-
B. giganteus.

/

Figure 26. B. craniifer x anti-
B. craniifer.

.1 _Y. ' -/
__

Figure 27. L. maderae x anti-
L. maderae.
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The titer of anti-B. craniifer was consistently

the lowest and this is reflected by the low number of arcs

produced throughout the test period (Table IV). The low

antigen concentration would usually result in low antibody

titer. It was not determined whether the low titer

was due to biological variability of the host or to the

species of protein which was used to stimulate antibody

production.

In the homologous reaction of L. maderae, seven

arcs occurred in 5.5 and 6% acrylamide concentrations

and eight arcs were found in the 6.5 and 7% acrylamide

gel concentrations. The antigenic proteins found in

L. maderae separated optimally on electrophoresis; thus

the precipitin arcs were well spread over the pherogram

(Figure 27).

Cockroach Intrasubfamily Cross Reactions

Nomenclature adapted for the cockroaches is that

developed by Rehn (1950) (Table XIV). Table XV and

Figures 28 through 35 illustrate the heterologous

reactions between representative species of the subfamily

Blaberinae, tribe Blaberini. In this series of reactions
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TABLE XIV. CLASSIFICATION OF COCKROACHES
(REHN, 1951).

Family Blattidae

Subfamily Blattinae

Tribe Blattini
Periplaneta americana (L.)
Blatta orientalis (L.)

Subfamily Epilamprinae

Tribe Leucophaeini
Leucophaea maderae (F.)

Subfamily Blaberinae

Tribe Blaterini
Archimandrita marmorata (Stoll)
Blaberus craniifer Burmeister
Blaberus discoidalis Serville
Blaberus giganteus (L.)
Byrostria fumigata (Guerin)
Eublaberus posticus (Erichson)
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TABLE XV. HETEROLOGOUS REACTIONS WITHIN THE SUBFAMILY
BLABERINE, TRIBE BLABERINI.

Reaction
Number of
arcs formed Figure

A. marmorata x anti-B. craniifer 8 28

A. mormorata x anti-B. giganteus 9 29

E. posticus x anti-B. craniifer 8 30

E. posticus x anti-B. giganteus 7 31

B. fumigata x anti-B. craniifer 6 32

B. fumigata x anti-B. giganteus 7 33

B. craniifer x anti-B. giganteus 8 34

B. discoidalis x anti-B. giganteus 8 35
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Figure 28. A. marmorata x anti-
B. craniifer.
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Figure 29. A. marmorata x anti-
B. giganteus.

Figure 30. E. posticus x anti-
B. craniifer.
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Figure 31. E. posticus x anti-
B. giganteus.

r

Figure 32. B. fumigata x anti-
B. craniifer.

._

Figure 33. B. fumigata x anti-
B. giganteus.



Figure 34. B. craniifer x anti-
B. giganteus.

Figure 35. B. discoidalis x
anti-B. giganteus.

1

67
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the data suggest that E. posticus is more closely related

to B. craniifer than to B. giganteus and that A. marmorata

and B. fumigata are closer to B. giganteus than to

B. craniifer.

The heterologous B. craniifer x anti-B. giganteus

and the homologous B. giganteus reactions were identical

except for the extra arc formed in the homologous

reactions. Unfortunately, further data from B. discoidalis

x anti-B. craniifer were not obtained due to the unexpected

decrease in antibody titer previously discussed.

In the subfamily Blattinae, B. orientalis x anti-

P. americana produced nine arcs (Figures 11 and 36).

Cockroach Intersubfamily Cross Reactions

The heterologous reactions between species

of the subfamilies Epilamprinae and Blaberinae are

reported in Table XVI and Figures 37 through 44. Four

reactions, Figures 37, 38, 39 and 40, illustrate differ-

ences due to antigen concentration and antibody titer.

Theoretically, in the presence of optimum proportions of

antigen and antibody, the reciprocal cross reactions

should produce the same number of arcs. The differences
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Figure 36. B. orientalis x anti-
P. americana.
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TABLE XVI. HETEROLOGOUS REACTIONS BETWEEN SPECIES OF THE
SUBFAMILIES EPILAMPRINAE AND BLABERINAE.

Reaction
Number of
arcs formed Figure

B. giganteus x anti-L. maderae 10 37

L. maderae x anti-B. giganteus 4 38

B. craniifer x anti-L. maderae 6 39

L. maderae x anti-B. craniifer 4 40

A. marmorata x anti-L. maderae 5 41

E. posticus x anti-L. maderae 4 42

B. discoidalis x anti-L. maderae 6 43

B. fumigata x anti-L. maderae 2 44
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Figure 37. B. giganteus x anti-
L. maderae.

Figure 38. L. maderae x anti-
B. giganteus.

Figure 39. B. craniifer x anti-
L. maderae.
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Figure 40. L. maderae x anti-
B. craniifer.

/

Figure 41. A. marmorata x anti-
L. maderae.

Figure 42. E. posticus x anti-
L. maderae.
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Figure 43. B. discoidalis x anti-
L. maderae.

Figure 44. B. fumigata x anti-
L. maderae.
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observed are probably due to an imbalance in ratios of the

antigen or antisera utilized.

Cockroach Intrafamily Cross Reactions

The number of arcs formed in the heterologous

reactions between the species of subfamilies Blaberinae

and Blattinae are presented in Table XVII and Figures 45,

46, 47, 48, 49, 50, and 51.

The results of heterologous reactions between

species of the subfamilies Blattinae and Epilamprinae

are cited in Table XVIII and illustrated in Figures 52,

53 and 54.

In the reactions of B. giganteus and B. craniifer

with anti-L. maderae and anti-P. americana the data

support previous classifications of these species as being

closely related, even though precursory evaluation of some

of the data would not suggest this proximity. Further IEA

results point to the fact that B. discoidalis is closely

related to both B. giganteus and B. craniifer but is more

distant from the latter two species than they are from

each other.
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TABLE XVII. HETEROLOGOUS REACTIONS BETWEEN THE
SUBFAMILIES BLABERINAE AND BLATTINAE.

Reaction
Number of
arcs formed Figure

B. giganteus x anti-P. americana 10 45

B. craniifer x anti-P. americana 10 46

B. discoildalis x anti-P. americana 9 47

A. marorata x anti-P. americana 6 48

B. fumigata x anti-P. americana 9 49

P. americana x anti-B. giganteus 7 50
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Figure 45. B. giganteus x anti-
P. americana.

Figure 46. B. craniifer x anti-P. americana.
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Figure 47. B. discoidalis x anti-
P. americana.
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Figure 48. A. marmorata x anti-
P. americana.
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Figure 49. B. fumigata x anti-
P. americana.

Figure 50. P. americana x anti-
B. giganteus.

Figure 51. E. posticus x anti-
P. americana.
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TABLE XVIII. HETEROLOGOUS REACTIONS BETWEEN THE
SUBFAMILIES BLATTINAE AND EPILAMPRINAE.

Number of
Reaction arcs formed Figure

P. americana x anti-L. maderae 6 52

L. maderae x anti-P. americana 7 53

B. orientalis x anti-L. maderae 4 54
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Figure 52. P. americana x anti-
L. maderae.
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Figure 53. L. maderae x anti-
P. americana.

)."

Figure 54. B. orientalis x anti-
L. maderae.
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Cross reactions of B. craniifer and B. giganteus

with anti-P. americana resulted in more visible arcs than

cross reactions with anti-L. maderae. This would suggest

that phyletically P. americana is more closely related to

Blaberinae than is Leucophaea. But this is inconsistent

with other biochemical data (Stephen and Cheldelin, 1970)

and with generally accepted morphological interpretations.

This inconsistency may be due to an imbalance in ratios

of antigen and antisera utilized or that the IEA data are

significant.

Cross reactions of E. posticus with anti-

P. americana and anti-L. maderae yielded arc patterns

similar to those of the Blaberus species. This is

expected because E. posticus is closely related to

B. giganteus and B. craniifer whereas both P. americana

and L. maderae are phyletically more distant.

B. orientalis x anti-L. maderae gave only four

arcs, a very weak response, while B. orientalis x anti-

P. americana gave seven clear, distinct, well separated

arcs. This suggests a closer relationship between

B. orientalis and P. americana than between B. orientalis
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and L. maderae, which is in agreement with previous

classifications (Table I).

The subfamilies Blattinae, Epilamprinae, and

Blaberinae have six proteins in common. Nine homologous

proteins were found among the species tested in the

subfamilies Blattinae and Blaberinae, and 11 homologous

proteins were common to species within the subfamily

Blaberinae. If we accept the premise that more closely

related species have more gene loci in common, then we

would expect to find more homologous proteins within a

species group. Interpreting our data on this basis we

must assume a closer relationship of Blaberinae to

Blattinae than to Epilamprinae.

The classification of cockroaches into higher

categories varies greatly from author to author. Rehn

interprets the cockroaches as a single family Blattidae

in which the Blattinae, Epilamprinae, and Blaberinae

are accorded subfamily rank, thus implying comparable

phyletic distinctiveness. McKittrick places Leucophaea

and Blaberus in different subfamilies of the family

Blaberidae and places Periplaneta and Blatta in the

Blattidae.
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Classifying the cockroaches is difficult because

450 genera are recognized and more than 3,500 species are

known (Rehn, 1951). The taxonomic characters that have

been used to classify cockroaches are the oviposition

behavior and the morphology of the genitalia (McKittrick,

1965), morphological characteristics (Princis, 1960), wing

venation (Rehn, 1951), and oothecal structure (Roth, 1968).

The data obtained in this study agree in general

with the higher categories proposed by Rehn. It appears

that Periplaneta and Blatta should be placed in the same

higher taxon. Leucophaea is not as closely related to the

Blaberini as Princis and McKittrick suggest. According

to this study, B. craniifer and B. giganteus are very

closely related and are equidistant from the other species

in the tribe Blaberini. The data obtained would not

suggest any major changes in Rehn's classification.

Apinae and Bombinae

The results of homologous and heterologous cross

reactions between A. mellifera and B. californicus are

reported in Table XIX. The homologous reaction of

A. mellifera (Figures 20, 21, 33 and 55) had 12 precipitin
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TABLE XIX. NUMBER OF ARCS FORMED IN HOMOLOGOUS AND
HETEROLOGOUS REACTIONS OF THE BEES.

Antigens

Antisera

Apis Bombus
mellifera californicus

Apis mellifera 12 12

Bombus californicus 8 18

Bombus vosnesenskii 4 8

Bombus appositus 4 9

Bombus occidentalis 4 10
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Figure 55. A. mellifera x anti-
A. mellifera.
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arcs, and the homologous reaction of B. californicus

(Figures 27, 34, and 35) produced 18.

Among the intrageneric heterologous reactions,

B. vosnesenskii x anti-B. californicus produced eight

arcs, B. appositus x anti-B. californicus, nine arcs

(Figures 56, 57 and 58) and B. occidentalis x anti-

B. californicus, ten arcs.

The two apid genera, Apis and Bombus, are usually

considered to belong to different subfamilies of the

Apidae. The heterologous reactions between B. californicus

x anti-A. mellifera yielded eight arcs (Figures 59 and 60),

B. vosnesenskii x anti-A. mellifera, four arcs (Figure 61),

B. appostitus x anti-A. mellifera, four arcs (Figure 62),

and B. occidentalis x anti A. mellifera, four arcs

(Figure 63).

The data from the four Bombus antigens tested with

anti-A. mellifera generally conform to anatomically-based

relationships. However, the difference in numbers of arcs

between B. californicus and the other three Bombus species

does not reflect closer relationships among three

species. The weak arcs developed in the basal areas of

the B californicus x anti-A. mellifera reaction are not



87

=--

Figure 56. B. appositus x anti-B. californicus.

Figure 57. B. appositus x anti-B. californicus:
whole gel.
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Figure 58. B. appositus x anti-B. californicus:
bisected gel.
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Figure 59. B. californicus x anti-A. mellifera.
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Figure 60. A. mellifera x anti-

B. californicus.
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Figure 61. B. vosnesonskii x anti-A. mellifera.
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Figure 62. B. appositus x anti-A. mellifera.

/,/ ///,/ A
A

t e_.21-01-:-.:aarr-Em
-

114
'II=

Figure 63. B. occidentalis x anti-A. mellifera.
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evident in the other Bombus cross reactions. This may

be the result of a slightly lower or higher titer in

the antigens of those three species, resulting in the

extinction of the weak arcs.

The series of cross reactions of the Bombus

antigens with anti-B. californicus show a pattern of

relationship among the five species tested that parallels

the anti-A. mellifera results. Evaluation would again

suggest a closer relationship between A. mellifera and

B. californicus than between B. californicus and each of

the other Bombus species. A large number of arcs between

B. californicus and A. mellifera were obtained as a

result of extensive testing to achieve optimum antigen-

antibody ratios. However, the consistent similarities in

arc formation in cross reactions involving B. vosnesenskii,

appositus, and occidentalis is completely contrary to

morphologically based relationships in the group.

These preliminary tests indicate that a more

extended study should be undertaken utilizing additional

species of Bombus belonging to the subgenera already

tested.
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Interordinal Comparison

A series of cross reactions between representative

species of the Apoidae and Blaberoidea was undertaken to

determine if cross reactivity occurred between these

phylogenetically distinct groups of insects.

One arc, with its midpoint located at interface of

G 1 and G 2, appeared in the B. craniifer x anti-

A. mellifera (Figure 64). An identical arc was present in

the reciprocal test. Using the standardized method of

establishing arc homology, no homology with any previously

formed arc could be established. This could be explained

by the fact that a different set of antigen-antibody

reactions had occurred resulting in the formation of a

unique arc.

On the second day of immunodiffusion of

B. orientalis x anti-A. mellifera five fine distinct arcs

formed but they disappeared before they were recorded.

Their disappearance was probably an artifact due to the

proportions of antigen and antibody used since this

phenomenon is common in test with antibody excess.
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Figure 64. B. craniifer x anti-
A. mellifera.
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One arc appeared at the interface of G 1 and G 2

in the reaction of L. maderae x anti-A. mellifera

(Figure 65). A single arc was visible in the L. maderae

x anti-A. mellifera (Figure 65). A single arc was

visible in the L. maderae x anti B. californicus reaction

(Figure 66) but this was confined to G 2. The test was

repeated three times, demonstrating that the arc Rf values

in the two reactions were different.

B. appositus x anti-L. maderae (Figure 67) formed

one arc through G 3 and G 4. P. americana x anti-

A. mellifera (Figure 68) also formed one arc located in

G 3. The single arcs which formed in five interordinal

reactions (Figures 64, 65, 66, 67 and 68) all have unique

R
f
values. Antigen-antibody precipitation can occur due

to physical molecular modifications induced by the IEA

technique. Interordinal cross reactions have never before

been reported; thus to suggest that these studies prove

the existence of homologous proteins in organisms as

distant as cockroaches and bees would be naive. Neverthe-

less, the observations warrant further study in this area.
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Figure 65. L. maderae x anti-
A. mellifera.

Figure 66. L. maderae x anti-B. californicus.
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Figure 67. B. appositus x anti-
L. maderae.

Figure 68. P. americana x anti-
A. mellifera.
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IV. CONCLUSION

In the evolution of a group of organisms from a

common ancestor certain characteristics will continue

to be retained by all members of the phyletic line.

Consequently all members of a closely related group such

as a genus, have numerous morphological characters in

common--the result of the expression of a common

genetic background. In addition to the morphological

similarities, a phyletic unit may display many common

behavior patterns and have similar ecological tolerances,

usually defined by the niche they inhabit. At the higher

taxonomic ranks, relationships are more obscure; the

number of detectable homologous morphological characters

decreases sharply, until at the class level, few are

shared by all of its constituent species. Recent com-

parative biochemical studies suggest that similarities

at the macromolecular level reflect relationships and that

certain proteins, and thus certain genes, are common to

all of the

Previous attempts have been made to identify

homologous proteins in distantly related forms, basing
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homology on a comparison of electrophoretic values alone.

It is the contention of this study that the Rf value in

itself is not sufficiently objective to be used for this

end.

The prime purpose of this investigation was to

evaluate and develop techniques complementary to electro-

phoresis which could be used to establish protein

homologies. The investigation is based on two assumptions:

(1) homologous proteins are more common in related than

in distantly related species, and (2) proteins from

distantly related organisms with common Rf values when

separated on acrylamide gels can be considered to be

homologous if they each exhibit the same antigenic

properties or capacities.

The first assumption was substantiated by the

major portion of the data collected. The minor dis-

parities in the data were due primarily to variations of

technique, i.e., improvement of photographic methods and

better correlation of the grids, stained gels, and

precipitin arcs.

The second tenet, based on the assumption that

antigenic proteins from crude specimen extracts show
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taxon-specific cross reactions, has proven valid, although

ambiguous in these trials. (In one homologous reaction

as many as 18 precipitin arcs were formed.) Further

improvement and standardization of protein extraction for

electrophoretic separation is still needed. In addition

chromotographic and two dimensional techniques may provide

a means by which a greater number of precipitin arcs can

be obtained.

Since fossil records are few or absent for most

species, characters on which phylogeny can be based have

been highly subjective. If certain proteins maintain

structural and functional stability through time, they

could provide the objective characters necessary for the

establishment of intergroup relationships. The sequencing

studies support the existence of such proteins, but more

rapid, inexpensive analytical means now available may

provide tools to assemble comparable data on homology.

Complementarity of immunochemistry and electrophoresis as

in IEA appears to offer a means of establishing structural

similarity among proteins from different sources, although

homology must still be inferred.
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The contention and conclusion of this investi-

gation is that the techniques presented herein are of

significant value in establishing phyletic relationships

for closely and distantly related organisms.
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