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Thirteen New World populations of Megachile rotundata and M. apicalis and

two Old World populations of M. rotundata were analyzed at 23 enzyme loci using

cellulose acetate electrophoresis. Conventional and G- or C-banded karyotypes were

also examined in these populations. The principal findings are (1) No differences

were found in the level of heterozygosity between haplodiploid Megachile and that of

other diploid insects. This is the first record showing the mean heterozygosity in the

hymenopteran genus to be consistent with the mean of most other diploid insects. (2)

There was no difference in the level of heterozygosity nor the percent polymorphic

loci between males and females, and heterozygotes was discovered in males of the

two megachilid species studied. (3) The heterozygosity levels among New World

populations of M. rotundata and M. apicalis were similar, but both were more than

twice that of Old World rotundata analyzed. This is consistent with the expectations

of the founder-event models of both Carson and Templeton. (4) FST, the amount of

genetic differentiation among populations, was greater among New World populations

of apicalis sampled than among those of rotundata. The extensive commercialization

in rotundata may have tempered interpopulation differences which might had

occurred had the species been undisturbed. (5) Wrights "isolation by distance" model
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is inapplicable to either of the two Megachile species. In rotundata, the high gene

flow level suggests that human commercial action may effectively disrupt any

opportunity for the development of locally adapted populations through selection. In

apicalis, little gene flow is present among the populations which is expected by both

Carson and Templeton models. The absence of any clinal pattern in apicalis probably

better reflects Templeton's transilience model. We believe that the random alteration

of major alleles, implicit in transilience, more readily accounts for the distinct local

populations we found in apicalis. (6) Chromosomal data suggest that both pericentric

inversions and deletions have been involved in karyotype evolution of the two species

and a primitive karyotype is proposed based on its ubiquitousness in all populations of

both species.
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ISOZYMIC AND CYTOLOGICAL STUDIES ON POPULATIONS OF

THE INTRODUCED BEE SPECIES, MEGACHILE (EUTRICHARAEA)

ROTUNDATA AND M. (EUTRICHARAEA) APICALIS.

INTRODUCTION

I. Species and speciation

1. Species

In terms of the "biological species concept", species are groups of actually or

potentially interbreeding natural populations which are reproductively isolated from

other such groups (Mayr 1940, 1963). In other words, a biological species is

formed when a population evolves genetic differences that prevent it from

exchanging genes with populations from which it is derived.

2. Speciation

There are two basic types of evolutionary change: anagenesis, phyletic

change in course of geological time; and cladogenesis, the origin of new taxa of

organisms through splitting of lineages (White 1978). Speciation itself includes the

entire process from the appearance of a first genetic isolating mechanism to the final

severance of genetic continuity between two populations.

Although speciation has been considered to occur primarily through

geographic isolation, numerous theories have been proposed to explain the

processes: Mayr (1957) presented 12 models of speciation; Grant (1971) suggests 3

models of "primary" speciation; and White (1978) proposed 7. All of these

processes fall under the general categories of allopatry and sympatry, with quantum
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(=rapid = saltational =parapatric = stasipatric) evolution as a specialized mode

normally associated with sympatric speciation.

A. Allopatric speciation

The concept of allopatric speciation was developed by Mayr (1954, 1957,

1963, 1970), Bush (1975), White (1968, 1978), and considered to be a dominant

mode of diversification in sexually reproducing organisms. This process is

conceived of as occurring when the contiguous diverging populations of a species

are geographically separated by a geographical barrier which restricts gene flow. It

is frequently presented in terms of the well-known "dumbbell" diagram (Stebbins

1966 Figure 1). White proposed 3 models (1978) to describe the principal processes

of allopatry:

i). Strict allopatry without a narrow population bottleneck.

A geographical barrier splits a single ancestral species into two separate

groups of populations in which individuals can't or can very rarely cross. During

the period of separation, sufficient genetic change occurs in one or both populations

so that when the barrier is removed, the isolates act as reproductively isolated

populations.

ii). Strict allopatry with a narrow population bottleneck (=peripatric speciation).

Small peripheral populations or founders (very few individuals) are isolated

or invade a new territory, such as an island, where they evolve reproductive

isolation.

iii). Extinction of intermediate populations in a chain of subspecies

(=Rassenkreis). The terminal populations of a ring of subspecies coexist

sympatrically without hybridization.
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first stage.
A single population in a homogeneous envi-
ronment.

Second stage.
Differentiation of environment, and migration
to new environments produces racial differen-
tiation of races and subspecies (indicated by
different kinds of shading).

Third stage.
Further differentiation and migration produces
geographic isolation of some races and sub-
species.

Fourth stage.
Some of these isolated subspecies differenti-
ate with respect to genic and chromosomal
changes which control reproductive isolating
mechanisms.

Fifth stage.
Changes in the environment permit geograph-
ically isolated populations to exist together
again in the same region. They now remain
distinct because of the reproductive isolating
barriers which separate them, and can be
recognized as good species.

Figure 1. Diagram showing the sequence of events which leads to the

production of different races, subspecies, and species, starting with a

homogeneous, similar group of populations. (Stebbins 1966).
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B. Sympatric speciation

Populations may become reproductive distinct without geographic isolation.

Quantum or rapid evolution would play a major role and the process would involve

considerable inbreeding. Processes included in this category include:

i). Parapatric (= stasipatric) (dine) speciation.

Fisher (1930, 1958), Murray (1972), Bush (1975), End ler (1977), White

(1978) have proposed a model in that parapatric speciation occurs whenever species

evolve as contiguous populations in a continuous dine.

ii). Ploidy.

Polyploidy arises when the original (usually diploid) chromosome set is

doubled, or when a gamete (usually haploid) fuses with one of the opposite sex that

is itself polyploid.

II. The founder event

A mode of speciation which combines elements of both allopatric and

quantum speciation was proposed initially by Mayr (1942) in an attempt to explain

the rapid speciation in insular habitats. The process was further elaborated upon by

Mayr (1982a, 1982b), but was not until Carson (1975), Carson and Templeton

(1984) and Templeton (1980a) that genetic means of effecting the process were

proposed. The founder event is considered to be the result of a severe population

bottleneck when one, or a few, inseminated females are isolated in a new ecological

niche in which competition is limited. Thus it includes allopatry in isolation plus the

very rapid evolution inherent to the quantum process.

There are three major contributions to the development of the Founder

Principle: the genetic revolution model as proposed by Mayr (1942, 1954, 1963);
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the founder flush-and -crash model of Carson (1975); and the transilience model of

Templeton (1980a).

1. Mayr's genetic revolution model

Mayr first proposed the founder principle in 1942 and subsequently

elaborated upon the process (1954, 1963). He based his concept loosely on

Wright's work (1931, 1932) on epistatic gene interaction in the formation of

adaptive peaks, and, especially invoked Wright's reduction in genetic variability and

changes in coadapted gene complexes through genetic drift. In the absence of any

genetic data, Mayr coined the term "genetic revolution" to account for what he felt

an appropriate description of the process.

Mayr postulates that the founder population, derived from a peripheral

population of the ancestral species, invades a new habitat. Genetic drift which

follows reduces the level of genetic variability and, the random changes in allele

frequency caused by inbreeding result in further drop in genetic variation (Figure 2).

He cites the increase in homozygosity as the most important component of the

founder event. The selective forces are altered by this increased homozygosity, and

minor changes "may affect all loci at once", thereby initiating a "genetic revolution"

which breaks up the old coadapted gene complexes. Subsequently new genetic

variation is accumulated, new coadapted gene complex developed and ultimately

reproductive isolation arises.

2. Carson's founder-flush model

The concept of founder event was expanded and modified to explain rapid

speciation in Hawaiian Drosophila (Carson 1968, 1975, 1978, 1982). Carson
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Figure 2. Genetic revolution mechanism (Mayr 1954).
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proposed that coadapted polygenic complexes are organized into two systems: a

"closed" system strongly resistant to destabilization which regulates fundamental

developmental, physiological and behavioral processes; and a more labile "open"

system, capable of free recombination or fixation but without major viability losses.

Carson hypothesized that in small isolates (founder population), stochastic forces

disrupt the highly integrated, stabilized "closed" system (disorganization phase) and,

under relaxed selection pressure of the new environment, anagenetic

"reorganization" into new balanced polygenic systems may occur. These novel

genotypes flourish in the new environment (flush phase) only to be resubjected to

rigorous selection (crash phase) and possibly driven to a new adaptive peak

(=divergence, speciation). He proposes that during the rapid population growth

immediately following establishment, little of the ancestral genetic variation is lost.

Rather, because of the relaxed ecological and selective conditions, recombinations,

normally selected against, can persist to form novel phenotypic variants and the

populations are free to respond to the selection by moving to new adaptive peaks.

3. Templeton's genetic transilience model

Templeton devised a series of experiment to test Mayr's "genetic revolution"

and Carson's "founder-flush" theories (Templeton and Rankin 1978; Templeton

1979a, 1979b). His conclusions supported Carson's concept of a genome with an

"open" system which reflects minor variation, and a "closed" system which includes

those loci regulating fundamental developmental, physiological and behavioral

processes. He rejected Mayr's term "genetic revolution", with its implication of

extensive changes throughout the genome, and suggested that more neutral term

"genetic transilience" for the process.
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Templeton (1980a), in a theoretical account of the founder event, agrees with

Carson that it is a multilocus phenomenon involving interaction of relatively few loci

(10's rather than 1000's). He provides supporting evidence to indicate that those

bottleneck events which rely on multilocus epistasis do not lead to significant losses

in variability or to major increases in homozygosity and may play major roles in

evolution of small, isolated populations (Lewontin 1965; Nei et al 1975; Lande

1980; Wilson 1983; Barton and Charlesworth 1984; Carson and Templeton 1984).

It is predicted that within deme variance will be reduced as a consequence of the

bottleneck and that the extent of among deme variation can be taken as an indication

of the magnitude of the shift away from the ancestral population (Templeton 1980b;

Carson and Templeton 1984).

It is Templeton's conclusion that stochastic alteration of a few major alleles

results in drastic fitness reweighting through the pleiotropic effects resulting from

changes in major gene activity. Strong selective forces are created by the altered

genetic environment to which the founder population must respond. For these

processes to transpire requires that the ancestral population must be highly

outcrossed and polymorphic for coadapted gene complexes centered about the major

loci involved, and with large amounts of genetic variation at the numerous modifier

loci, i.e. a large variance effective size (Templeton 1980a).

In recent theoretical study, Goodnight (1987, 1988) partitions the total

genetic variance into additive genetic variance and epistatic genetic variance, and

models their contribution to total variance within and among demes following a

founder event. He does not support Carson and Templeton (1984) and Templeton

(1980b) in their predictions that the total genetic variance may be increased rather

than reduced within demes following a founder event , because founder events may
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convert epistatic genetic variance to additive genetic variance as a function of the

recombination rate and the propagule size.

It is proposed that the small inbreeding effective size in concert with the

large variance effective size provides optimal conditions for a rapid shift to a new

adaptive peak(s) as defined by the major gene systems. Speciation is regarded as a

consequence of this peak shift.

III. Contribution of theoretical population genetics to the understanding of founder-

event

1. Random genetic drift

Theoretical population genetics demonstrates that random genetic drift

accompanying a founder event may lead to an induction of gametic disequilibrium,

increased homozygosity, and of inbreeding.

Random genetic drift refers to chance fluctuations in allele frequencies from

generation to generation in a finite line, due to sampling error. To be specific, in a

random sample of N diploid individuals taken from ancestral population, each

individual carries a random pair of genes, so the number of gametes in the sample is

represented as 2N. The probability that the sample contains exactly i allele(s) of

type A can be shown to equal:

(2N)1 (Harlt 1988)
i!(2N-i)!

For example, suppose an initial population of N=2 contain exactly 2 A

alleles. Then the frequnecy of type A alleles =p =2/2N =1/2; and the frequency

of type a alleles =q =1-p =1/2 in the parental founder population. In the next

generation, the random sampling process occurs again, the probability that i =0



10

(i represents the number of A alleles) is (4!/0!4!)(1/2) °(1/2)4 =0.0625; the

probability that i=1 is (4!/1!3!)(1/2)1(1/2)3 =0.25; the probabilities that i=2 is

(4!/2!2!)(112)2(1/2)2 =0.375; i=3 is 0.25; i=4 is 0.0625, respectively. Thus, the

allele frequency may change at random from generation to generation.

Random genetic drift causes an increase in inbreeding. Consider an ideal

population, infinite in size which is assumed to satisfy all the assumptions of the

Hardy-Weinberg model. A large number of subpopulations may be founded from

the large base population, each of which is genetically isolated from the others.

Even though mating is random within each subpopulation, inbreeding may result as

a function of population size showing in Figure 3. Each diploid individual with 2N

alleles in one subpopulation undergoes meiosis to generate 4 gametes. Thus an

infinite number, and many type of gametes are produced in the subpopulation in

generation t-1, each type of gametes with frequency 1/2N is labeled al, a2, a3,...ai,

...ai,...a2N Ft_i is present the inbreeding coefficient in generation t-1. After one

generation of random genetic drift, at generation t, randomly chosen pairs of alleles

in the subpopulation are generated, i.e. alai (descendantly identical gametes) with

the probability of 1/2N or a3a4 (descendantly different gametes) with the probability

of 1-1/2N, and the value Ft4 changes to Ft

Ft=1/2N+(1-1/2N)Ft_i

or simply

Ft=1-(1-1/2N)t

Obviously, the value of F will increase following the random genetic drift continues

generation after generation.

Random genetic drift results in a deficiency of heterozygotes because there is

a high probability that a gene will become fixed for one allele or the other over a

period of time within a small population. The change in heterozygosity from one
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Generation
t 1

Alleles in breeding
population in generation
t 1; inbreeding coefficient
F,-,

Gametes (each
type with
frequency 1/2N)

Generation t

Probability 1/2N 1 1/2N

Contribution to F, 1

Total F, = 1/2N (1 1/2N)F, -1 or 1 F, = (2 1/2N)(1 Fe- i)

Figure 3. A schematic diagram showing the derivation

of the change in autozygosity under random sampling.

A pair of gametes can be identical by descent either

by being sampled twice (with probability 1/2N) or by

virtue of previous autozygosity in the subpopulation.

The recusion for autozygosity is Ft =(1/2N)+ [1-(1/2N)]Ft_i.

(Hard and Clark 1989).
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generation to the next is predicted by the formula:

H1 = (1-1/2N)110 (Weaver 1989)

where Ho is the initial heterozygosity, H1 is the heterozygosity after one

generation, and N is the number of individuals. For example, if N=50 then

H1 =0.99Ho, heterozygosity is reduced 1% in one generation because of genetic

drift. Over an extended period of many generations (t), this formula becomes:

Ht = (1-1/2N)tHo

after fifty generations, the heterozygosity in a small population would be only 61%

of the initial value:

H50 = (1-1/100)5°H0

=0.61H0

The theoretical examination of the effects of random genetic drift lead to the

conclusion that the fate of small populations should be gametic disequilibrium,

accumulative inbreeding and the massive loss of genetic variability. Yet Mayr,

Carson and Templeton each postulate entirely different interpretations on the effect

of the bottleneck in certain founder situations. Each of the authors suggest different

models or place different emphasis on the various mechanisms that may be involved

in founder-induced speciation. I would like to elaborate on each of the postulates

which counter the generally accepted fate of small population exposed to genetic

drift.

2. The probability of loss of additive genetic variance

Mayr's major tenet is that a great increase in the level of homozygosity

occurs in founder populations followed by a persistent loss of additive genetic

variance because the population remains small. In a series of theoretical and

experimental works the exact opposite of this prediction was arrived at by Lewontin
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(1965, 1974), Nei et al (1975), Lande (1980), Charlesworth et. al. (1982), Barton

and Charlesworth (1984). According to Crow and Kimura (1970):

H.+1=(1-1/2N0)(1-1/2N1)...(1-1/2N.)H0

where N. is the number of individuals, ; is the heterozygosity at a neutral locus

(i.e. the expected proportion of heterozygous individuals), H0 is the heterozygosity

in the ancestral population, and 0, 1, 2, 3,...n generations after the foundation of the

isolate.

When N=2 (corresponding to foundation by a single fertilized female), the

limiting values for the ratio of the final to the initial heterozygosity as n«g are 0.58,

0.45 and 0.06 if the rates of population increase (N.+1/No are 2, 1.5, and 1.1

respectively. Thus, only in cases of a very slow rate of population increase after a

founder event, can there be a significant reduction in heterozygosity of the

population. In other words, the postulated loss of variability is unlikely to occur

unless the population remains small for very long periods. However, while this runs

counter to Mayr's argument, it is fundamental to those of Carson and Templeton,

the very small population has much higher probability of going extinct than

undergoing a genetic revolution.

3. The role played by genetic variation

The second tenet of Mayr's theory is that the reduced genetic variation

results in the change of selective forces, triggering a genetic revolution the

population becomes free of epistatic constraints and is able to move to new adaptive

peaks, with new coadapted gene complexes. By contrast, Carson (1982) emphasized

that random genetic drift accompanying the founder event results in the break up of

coadapted gene complexes (the "closed" system), subsequent with a population

increase. These two periods are thought to be a time of reduced selection pressure,
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and little additive genetic variance is lost. Rouhani and Barton (1987) built a simple

mathematical model of disruptive selection on a polygenic character in varying

population sizes and variances. They examined the role of the bottleneck by

comparing the probability that a polygenic character will more likely undergo a peak

shift in a growing population than in a static population, and found a direct

correlation between additive variance and peak shift.

Goodnight (1987, 1988) contended that classical studies (Mayr 1954, 1963;

Carson 1975; Templeton 1980a, 1980b) are largely based on the premise that only

additive genetic variance is present in an ancestral population. His model indicates

the contribution of both additive genetic variance and epistatic genetic variance to

the total variance within and among demes following a founder event. That genetic

drift accompanying the founder event may convert epistatic genetic variance into

additive genetic variance has been suggested by several workers (Robertson 1952;

Wright 1977; Falconer 1981; Cockerham 1984; Wade 1983; Bryant et al. 1986b;

Cockerham and Tachida 1988, 1989). Goodnight (1988) described this process of

conversion in detail:

In a 2-locus system of ancestral population, A and B loci both have two

alleles, each with a frequency of 0.5.

Loci A

Alleles Al A2 B1 B2

Freq. of

alleles 0.5 0.5 0.5 0.5

Because of the equal allelic frequency, the average genotypic value of ALAI,

A1A2, and A2A2 genotypes are +a, 0, -a, respectively, and average value of the

B1B1, B1B2, and B2B2 genotypes are +b, 0. and -b respectively, then the additive

genetic variance is (a2+b2)/2. If a founder event occurs, random genetic drift fixes
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the B1 allele but leaves the frequencies of the A alleles unchanged, the value of the

A1A1, A1A2, A2A2 genotypes would be (a+b+i), (b), and (-a+b-i), respectively,

then the additive genetic variance would become (a2+i2)/2. Some of the original

additive genetic variance is lost, but the epistatic interactions (+i and -i) are

incorporated into the additive genetic variance. An approximation of 56.25 %-75 %

of epistatic genetic variance in the ancestral population converting to additive genetic

variance within the new colony was estimated.

It is clear, the theoretical models supports the suggestion that the increase of

total genetic variance may result from conversion of balanced epistatic variance to

additive variance following a founder event which then becomes immediately

available to selection (Carson 1990).

4. The effect of inbreeding on genetic variance

Theoretical population genetics states that inbreeding will increase

significantly in the generations immediately following founder events. How does

the inbreeding affect genetic variance in the new colony? Noting Goodnight's model

(1987, 1988):

(Y A*2 = A2 ± AA2 a A2)F
1 (YNA*2

a A*2 the additive genetic variance within the new deme

a A2 the additive genetic variance in a large noninbred ancestral

population

a AA 2 the additive -by-additive epistatic genetic variance in the large

noninbred ancestral population

F1 Wright's (1977) inbreeding coefficient

the portion of the epistatic variance in outbred ancestral population

aNA *2 the nonadditive genetic variance within a deme
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the additive genetic variance crA*2 is correlative with inbreeding coefficient (F1).

After a single generation of inbreeding, the (aNA*2) will be decrease by the founder

event, while additive genetic variance (GrA*2) will increase regardless

of the founder size. In fact, Robertson (1952) has already calculated that, in the

case of recessive alleles at low initial frequencies, the maximum value of the

additive variance will be reached when the inbreeding coefficient (F1) is close to

0.5.

IV. Contribution of experimental studies to understanding of founder-event

1. Drosophila

There have been a number of laboratory studies, especially in Drosophila

spp. directed at experimental evidence for founder-induced speciation models.

Powell (1978) started 12 new "founder populations" with 12 single pairs of D.

pseudoobscura, allowed them to flush. After 8 founder-flush cycles he found

significant reproductive isolation in 3 of the populations. Dodd and Powell (1985)

examined 160 isofemale lines of this species in more detail. Premating bathers

were found to have developed in several lines which had undergone founder-flush

cycles. In mating preference tests with 2 stocks of D. silvestris, Ahearn (1980)

found that the males from the bottlenecked stock had a lower mating success than

those from the outbred stock. This asymmetrical ethological isolation may be one of

the first steps in genetic divergence leading to isolation and speciation. Ringo et al

(1985) used three sets of laboratory populations of D. simulans to test Carson's

founder-flush -crash hypothesis. In the first set, genetic drift was a strong genetic

force; in the second set, selection was a strong genetic force and drift was less
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intense; and the third set was a large outcrossed base population, from which both

sets of experimental populations were derived. Reproductive isolation was stronger

and evolved more rapidly in the drift (bottleneck) populations, confirming Carson's

theory.

Of three experimental populations of an Oregon laboratory strain of D.

melanogaster, (Lints and Bourgois 1982), one was forced through N0=6, the other

two were used to be control (N0=3*60 pairs of flies). The three identically original

populations were submitted to different environmental conditions then tested for

their genetic variability in quantitative traits caused by selecting, which was carried

out 21 months at 21° and 25 °C for the control populations, and 12 months at 28 °C

for the bottleneck population. The variance in thoracic size, the sternopleural bristle

number was found to be higher, the selection differential and the response to

selection were found to be significantly greater in the bottleneck population than the

controls. Carson and Wisotzkey (1989) noted that a laboratory population of D.

silvestris prior to a bottleneck, was characterized by three haplotypes, 6 types of

zygotes: the expected 3 homokaryotypes and 3 heterokaryotypes for three

inversions. Following the bottleneck, new haplotypes appeared, and all 10 possible

zygotic combinations were formed. These data indicate that reduction in population

size may sometimes be accompanied by an increase rather than a decrease in genetic

variance as a result of a stochastic change in chromosomal organization by

recombination.

2. Houseflies

Bryant and his coworkers (1986a, 1986b, 1988, 1989, 1990) observed the
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effects of a population bottleneck upon quantitative genetic variation of

morphometric traits in replicated experimental lines of the housefly (Musca

domestica) founded with one, four or 16 pairs of flies. They confirm theoretical

conclusions that nonadditivity of allelic effects within loci and polygenic variation of

nonadditive effects among loci increase additive genetic variation after a bottleneck.

Inner-eye separation is one trait which displayed little additive genetic variation in

ancestral populations, but after the bottleneck it showed the greatest increase in

additive variance of all traits they examined. As this character is frequently used to

discriminate among different taxa in this species group, variation potentially

available to speciation after a bottleneck could result in taxonomic differentiation.

Models developed from their data indicate that greatest differentiation occurs in

small bottlenecked populations where variation is based on rare recessive alleles, but

that differentiation is greatest for larger bottlenecked sizes when based on multilocus

epistasis. Since it is fitness with which we are primarily concerned and since fitness

involves epistasis, they suggest that evaluation of bottleneck effects must change

from perspectives based on additive to those incorporating gene action. Additive

genetic variances and covariances for eight morphometric traits are estimated on all

(bottleneck) lines and the control (ancestral) population using parent /offspring

covariances (Figure 4). A large size component of additive genetic variance was

observed: pure size changes occurred in the 4-and 16-pair bottleneck lines, so that

the major axis of genetic variation was nearly colinear with an isomorphism axis,

and the eccentricity (representing greater genetic integration among traits) increased

compared to the control line (a). Conversely, the single-pair lines exhibited high

levels of divergence in shape, thus a reorientation of the major axis of genetic

variation away from the control was observed (b).
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a

b

control

SINGLE -PAIR

Figure 4. Diagrammatic representation of changes in the ellipsoid of genetic

covariation between the pooled sets of the bottleneck lines and the control

line. (Bryant et al 1988).
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3. Ryegrass

Polans and Allard (1989) symthesized four different size populations of

ryegrass (Lo lium multiflorum) N=1, N =2, N=4, and N=8 plants, then expanded

these populations for three successive generations. They concluded that genetic drift

was a very powerful force in such small populations since the expected loss of

allozyme alleles was again observed, but the genetic variance of quantitative traits

recovered to levels similar those of the original outbreeding population after a single

generation of random mating in certain experimental populations.

V. Contribution of natural examples to the understanding of founder-event

The strongest case for founder-induced speciation in nature comes from

studies on Hawaiian Drosophila. The Hawaiian archipelago is the most isolated

major archipelago in the world. The five largest Hawaiian islands are arrange

linearly in sequence from north-west to south-east,(Figure 5, Carson 1976).

The island of Hawaii is the youngest island, less than half a million years old

and still sits over the hot spot; Maui, Molokai, and the northwest portion of Hawaii

are situated on a common platform. Oahu lies to the northwest of the deep Molokai

channel, followed by Kauai, the northernmost island which is approximately five

million years old, the oldest of the major high islands (Simon 1987).

1. Cytological data

The Hawaiian archipelago contains an extraordinarily large number of

endemic species of Drosophilidae, consisting of about 800 species belonging to one

or possibly two major lineages, Drosophila and Scaptomyza. Studies of polytene
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Figure 5. The five largest Hawaiian islands (Carson 1976).
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chromosome, metaphase karyotype analysis show that many species from different

islands are chromosomally polymorphic for certain inversions. Thus it has generally

been assumed that a great deal of the explosive speciation of the Hawaiian subgenus

Drosophila flies has been due to founder individuals transported from one island to

another. The ancestral colonizers have come from one of the continents rather than

vice versa (Carson and Yoon 1982). Chromosomal sequences of some clusters of

species (picture-winged drosophilid complex) indicate that the maps of each of the

five major chromosomal elements have identical banding sequences, so they have

been termed homosequential species. When compared with arbitrarily chosen

standard species, however, most species were found to be fixed for one or more

inverted sections that can be recognized by matching their chromosome banding

patterns to those of the standard. Inversions that are shared between two or more

species serve as extremely useful indelible genetic markers of both relationships and

ancestry. Since almost all the species are single-island endemic, and the age of each

island is known from potassium-argon dating, the similarity of sequences between

species can be used to trace the origin of species on a newer island to colonists

stemming from an older one (Carson 1987).

2. Behavioral data

Kaneshiro (1976, 1980), Kaneshiro and Boake (1987) were first to evaluate

behavior in founder induced speciation. After observing courtship and mating

behavior in Hawaiian Drosophila, they suggested that if ethological reproductive

isolation is induced, the degree of isolation between ancestral and derived species

will be asymmetrical, i.e. ancestral females were unlikely to mate with males from

derived populations, while derived females were equally likely to mate with

ancestral and derived males (Ohta 1978; Kaneshiro and Kurihara 1981). They noted
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a loss (and/or change) in courtship elements by males in a new population, which

resulted in females of the ancestral population discriminating against derived males

more than derived females discriminated against ancestral males. In other words,

speciation is accompanied by the loss (and/or change) of male courtship elements

and a decrease in discrimination by females in the derived population.

3. Molecular data

The evolution of Hawaiian drosophilids based on molecular data was

reviewed by De Salle and Hunt (1987). Several molecular techniques have been used

to study the evolutionary relationship among the Hawaiian drosophilids: protein

polymorphism, DNA hybridization, DNA restriction enzyme analysis and DNA

sequence studies of both nuclear and mitochondrial genomes. Numerous cladograms

were constructed by phylogenetic analysis from the molecular data. The most

interesting observation to be drawn from these studies related to the rate of DNA

sequence change. In some species of continental Drosophila, the rate of

mitochondrial DNA sequence change was reported to be slow relative to the rate

observed for the nuclear DNA (Wolstenholme and Clary 1985, Shah and Langley

1979, Powell et al 1986). Conversely, the mitochondrial DNA of some species of

Hawaiian Drosophila (e.g. four species of picture-wing flies, De Salle and Giddings

1986) is evolving at a faster rate than the nuclear DNA. De Salle and Templeton

(1988) compared the rates of mitochondrial DNA evolution in closely related species

of Hawaiian Drosophila with different evolutionary histories. They found that in a

group of flies that have undergone repeated bottlenecks due to inter-island

colonization, the rate of mitochondrial DNA change is three times faster than that in

a group of flies that have arisen from large ancestral populations without founder

effects. A possible explanation for this faster rate of mitochondrial DNA evolution
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in Hawaiian Drosophila is that the founder events and the small population size in

this group may create a situation where fixation of rare variants would be enhanced

by drift (Templeton 1987, Ohta 1976).

VI. Introduction of the Eurasian leafcutting bees into the United States

1. Megachile (Eutricharea) rotundata

Megachile rotundata is a member of the Eurasian leafcutting bee subgenus,

Eutricharea, first recorded from the eastern US in 1947 (Krombein 1948). It spread

rapidly through the US, taken from Kansas, Missouri and Texas by 1951 (Daly

1952), from California in 1953 (Hurd 1954) and finally identified as a potentially

domesticable pollinator in the Pacific Northwest in 1959 (Stephen and Torchio 1961,

Stephen 1960). The species was quickly accepted as a manageable alfalfa pollinator

and provided the key to development of the alfalfa seed industry in the Pacific

Northwest. The bee soon became a major commercial commodity and populations

were established in mid-America, western Canada, New Zealand, Chile, Argentina,

North Africa, as well as being used for numerous reintroductions into its area of

endemism, Eurasia.

This species does not excavate its own burrow but rather accepts abandoned

burrows of other insects, or cracks and crevices which may provide protection from

the elements. It was apparent that suitable nesting sites were the limiting factor to

population expansion in those areas of the PNW where a superabundance of legume

forage existed, for by 1963 local populations of several million bees had become

established through trapping.

Megachile rotundata is endemic to and broadly distributed in Eurasia,

occurring from Spain and France eastward through central Europe to Iran, southern
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Siberia and Afghanistan. Thus it was unexpected that European countries to which

the bee is endemic have been, and continue to be major importers of this species

from North America. Although few detailed comparative studies have been

conducted (Tasei 1975, 1977; Asensio pers comm), and the area(s) from which the

North American introduction(s) occurred are unknown, significant differences exist

between American and Eurasian populations of this species in such characteristics as

voltinism, degree of gregariousness, and host specificity (even in the area of

Medicago endemism). These differences may result from genetic events related to,

or stemming from, its establishment in the New world.

2. Megachile (Eutricharea) apicalis

Recently, the closely related M. apicalis has become established in California

(Cooper 1984; Stephen 1988) and in many areas has largely displaced M. rotundata.

The species exhibits a number of M. rotundata-like behavioral traits: it

utilizes all types of nesting media acceptable to rotundata ; it is highly gregarious,

probably more so than rotundata; it is susceptible to the larval pathogen,

chalkbrood; and it has both univoltine and multivoltine population components

(Stephen 1988). The species differs from rotundata in its aggressiveness and, most

significantly in its oligolectic behavior on Compositae and Asteraceae.

In the old world, M. apicalis is circum-Mediterranean, extending from the

Canary Islands eastward through Israel, Turkey, Iran, Pakistan, Siberia and

Afghanistan. In the western portion of its range it appears to be limited to the area

immediately about the Mediterranean (Gaspar, pers comm). However to the east it

ranges further inland, having been taken at Baden-Wiirttemberg, West Germany

(Westrich 1983), the lower elevations of Hungary (Papp, pers comm), southern

Poland (Banaszak pers comm), Rumania and as far north as the northern provinces
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of the Ukraine (Romasenko 1987). Although elevations at which apicalis has been

taken in Tashkent, Samarkand and Afghanistan are not known, the continental

climate at these sites suggests that these populations (unlike those in California) are

capable of tolerating a rigorous winter. Literature and recent correspondence

suggests that although the species is widespread, in no area is it abundant.

There are several records of apicalis from North America. Mitchell (1937)

reports one female from Canada, two females from Virginia, a possible male from

New Jersey, 1 male and 1 female (no locality record, taken from the ground in July

1883). The most recent of his material is a female from Rosemont, Virginia

collected on June 12, 1931 (Timberlake) on Centaurea cyanus. Mitchell states that

it is not clear if the species had become established on this continent, a conclusion

which is probably accurate, for despite extensive and continuous collecting and trap-

nesting for the past 25 years, none are reported in any major insect collection or

museum of the central or eastern United States. The periodic appearance of apicalis

in eastern America since 1883 may have been the result of periodic introduction in

casual transport, trade or immigration. Assuming introductions were primarily from

Spain, southern France, or Italy, it may well be that these populations were unable

to survive the first severe winter. It is assumed that California populations are

derived from founder populations introduced directly from the Old World (Stephen

1988).

M. apicalis has now (1988) been taken from all counties in the San Joaquin

and Sacramento Valleys of California. From the first published California records

in the Coastal Range of Santa Barbara County (Cooper 1984) and San Diego and

Fresno Counties it appears to have moved northward along the Coastal Range as far

as Tehama County and expanded into the and hot interior valleys. In 1986 a single

female was collected at Bodega Bay, Sonoma county (Thorp, pers comm), in 1987 a
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fairly large population at nearby Sebastopol was confirmed (Torchio, pers comm).

Thus the species occupies extreme habitats in California, from hot, arid interior

valleys to cool Coastal Ranges including the maritime environment of north-central

coast.

There are no detailed biological studies of this species in the Old World but

observations have been made by Benoist (1940) in France, Grandi (1961) in Italy,

Asensio (Stephen, 1989) in Spain and Romasenko (1987) in Ukraine. In 1974

Parker (Stephen 1989) introduced several hundred wintering prepupae of apicalis

from Spain into quarantine facilities of the USDA/ARS Bee Laboratory at Logan

Utah and in screen cage over alfalfa. Parker reports that the species did very poorly

in both situations; did not work legumes for pollen, did not replace itself; and those

larvae which did survive had a heavily male-biased sex ratio (4:1). However, the

California populations of apicalis show several features in the behavioral-ecology

such as range, voltinism, host plants, sex ratios, aggressiveness, gregariousness,

flight activity, development and pupal duration which contrast sharply with the

biological information from Eurasia, and the observations of Parker. the most

significant feature of California populations is the great amount of intrinsic

variability exhibited both within and among populations (Stephen 1989).

VII. Statement of the problem

Stephen (1989) admits that there are no historical data to support the

contention that either of the two Megachile species represent "founders" in the sense

to which it has been referred to above. Rather the biological data which are

available support the theoretical expectations of such an event (Stephen 1989; Tasei

1975, 1977). Further, the probability of a founder event resulting in rapid
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speciation is much greater under insular than continental environments, but there is

no valid reason to assume that genetic events during the bottleneck stage of

colonization will differ in founders similar in origin and of comparable inbreeding

effective size regardless of the site of invasion (Stephen 1989). Subsequent genetic

events may differ dramatically either as a function of "friendliness" of the habitat

and/or intensity of biotic competitiveness, both of which may be a function of land

mass size-related characters on which the immigrant is found. Aside from

colonization by cosmopolitan or "all-purpose genome' species, significant genomic

reorganization (i.e. founder effect) probably occurs in all successful insular or

continental colonizing propagules. Ultimate success of the continental colonizing

population may be measured not in terms of rapid reproductive isolation, but in

significant shifts in fundamental physiological, behavioral and/or phenotypic traits

i.e. fitness (Mackauer pers comm, Stephen unpubl).

The situation with M. apicalis (and M. rotundata to a lesser extent) is

unique to founder studies for, in contrast to the laboratory generated data on

morphological changes induced through bottlenecking, we are privy to broad

behavioral, development and physiological heterogeneity in diverse populations of a

rapidly expanding founder species. This event provides an opportunity to determine

if intra- and inter-deme variability can be correlated with genomic variability, and if

developed properly, will permit the establishment of base-line physiological,

behavioral, developmental and genetic data for long term monitoring of changes

associated with dispersal and/or stabilizing selection about local adaptive peaks.

The specific goal of this study is to test theoretical and laboratory generated

predictions on the impact of a bottleneck on genetics and ecology of field

populations of recent California colonizer, Megachile apicalis, and its predecessor,

Megachile rotundata.
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I. Bee samples
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Seven populations of M. rotundata and eight populations of M. apicalis

comprising 1014 individuals were employed in this study. The sources of the samples

are listed in Table 1.

Bee larvae in leaf-cells were obtained from alfalfa fields where samples were

large enough, mature larvae were chosen randomly from each population. Larvae
0

were held at 4 C for 2-3 months to break diapause (when necessary), then incubated
0 0

at 30 C until adults emerged. Adults were frozen at -84 C for subsequent enzyme

analysis Early pupae were used for karyotype analysis. Postdiapausing prepupae

were incubated until the pupal head capsule appeared transparent, approximately 9-10
0

days of incubation at 30 C.

II. Enzyme electrophoresis

1. Sample preparation

Fifteen populations of the two taxa listed in Table 1 were examined.

Approximately 200 specimens of each species were run for each of the enzyme

analyzed, and usually consisted of each male and female.

The progeny (males and females) of five females were also examined. All of

the families were taken from the Yreka, CA population.

Enzymes extracts were made from frozen adults. The head, head, abdomen,

wings and legs were removed and the thorax was ground in 100 ml cold distilled

water. The thoracic extract was centrifuged at 8,500 rpm for 20 min and the
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Table 1. Sources of materials used in this study.

code of karyotype

Species Source Designation pop'ns analysis

Megachile Valladolid, Spain Spain MR1
y**

rotundata Lusignan, France France MR4 Y

Manitoba, Canada Canada MR5 Y

Atwater, CA* Atwater MR2 Y

Palo Cedro, CA Palo Cedro MR3

Glenn Co. ,CA Lederer MR6

Grenada, CA Grenada MR7

Megachile Glenn Co., CA Lederer MA1 Y

apicalis Grenada, CA Grenada MA2 Y

Willows I, CA Willows I Y

Willows II, CA Willows II MA3 Y

Montague I, CA Jones MA4 Y

Palo Cedro, CA Palo Cedro MA5 Y

Yreka, CA Yreka MA6 Y

Montague II, CA Peters MA7 Y

Los Banos, CA Los Banos MA8 Y

*
CA = California

**
Y = these populations were also used for karyotype analysis
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supernatant was used directly or stored at -84 C for electrophoretic testing.

2. Electrophoresis

A. Electrophoretic apparatus

Helena Laboratories' Titan Zip Zone cellulose acetate sheet electrophoresis

system was used with an E452 Power supply (E-C Apparatus Co. cat. no. EC452).

Samples were applied using a Super Z Applicator Kit including 8 capillary tips, a row

of 8 sample wells, and a plate-alignment base (Helena cat. no. 1283). Separation

proceeded on Titan III 60x76mm cellulose acetate sheets (Helena cat. no. 3023).

Whatman No.3mm chromatography papers were used as wicks to connect buffer to

the support rails across which the cellulose acetate plates were placed.

B. General methods

The methods of cellulose acetate electrophoresis were those of Hebert and

Beaton (1986).

Each of the cellulose acetate sheets accommodated 8 samples, thus, extracts of

4 individual males were loaded into sample wells 1-4 (from left) and 4 females sample

wells 5-8. Where possible at least 24 individuals (12 males and 12 females) from

each population were analyzed.

Samples were transferred from the sample wells, using the applicator, to the

cellulose acetate sheets along the alignment base. For enzymes with high activity(e.g.

PGI and PGM), two applications were sufficient; for enzymes with lower activity

(e.g. XDH) up to 6 applications were necessary.

3. Buffers and running conditions

Four buffers were used in this study: Tris-glycine buffer (TG), pH8.5 (14.4g/1

glycine, 3.0g/1 Trizma base) (Hebert and Beaton 1986); CAAPM buffer, (10.5g/1
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citric acid, 12.5m1/1 N-3-aminopropyl-morphline) (Hebert and Beaton 1985); TEC

"0.075" buffer, (0.06140M Tris, 0.004M EDTA, 0.0136M citric acid, make up to

1L, dilute 1:9 for use) (Meera 1971); Citrate-PO4 "0.01" buffer, (0.01M Na2HPO4,

0.00154M citric acid, make up to 1L dilute 1:9 for use) (Meera 1971).

Electrophoresis was conducted in a cold room at 5°C at a constant voltage.

The duration and voltage of electrophoresis varied as a function of the buffer used

(see Table 2).

4. Enzymes analyzed

Analyses were conducted for the following enzymes on each sex of the above

cited populations: phosphoglucomutase (PGM), hydroxybutyrate dehydrogenase

(HBDH), xanthine dehydrogenase (XDH), 6-phosphogluconate dehydrogenase

(6PGDH), malic enzyme (ME), malate dehydrogenase (MDH), glycerol-3-phosphate

dehydrogenase (GPDH), glucose-6-phosphate dehydrogenase (G6PDH), isocitrate

dehydrogenase (IDH), aldehyde dehydrogenase (AO), glutamate oxaloacetate

transferase (GOT), fumarate hydratase (FUM), glyceraldehyde-3-phosphate

dehydrogenase (G3PDH), and phosphoglucose isomerase (PGI).

A required amount of appropriate reaction mixture for staining each enzyme

was freshly prepared at the end of each run (Table 2). Each mixture consisted of 2m1

of stain and 2m1 of hot agar. The reaction mixture was poured over the gel and the

bands permitted to develop. The time necessary for optimal band development ranges

from 30 to 60 min. Staining may be enhanced by placing the plate in the dark at
0

25 C after pouring the reaction mixture. For some lower activity enzymes, (e.g.

GOT), incubation is necessary. The agar should set for at least one minute after
0

pouring, then moved carefully into incubator and held at 30 C until bands occur.

All chemicals and their concentrations used in the electrophoresis are listed in
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Table 2. List of enzymes with particulars of their electrophoresis and staining on

cellogel.

Enzyme Buffer Voltage/ Recipe for staining incuba-
system Time(min) mixture tion

Aldehyde
dehydrogenase
(EC 1.2.1.5)

CAAMP 150/30 0.6m1 Tris-HC1 pH 8.0 No
1.5m1 NAD, 1 drop Ben-
zaldehyde, 5 drops MTT,
5 drops PMS, 2m1 agar

Fumarate
hydratase
(=Fumarase)

CAAMP 200/30 1.0m1 Tris-HC1 pH 7.0 Yes
1.5m1 NAD, 5 drops
fumarate, 5 drops MTT

(EC 4.2.1.2) 5 drops PMS, 50m1 MDH
2m1 agar

Glucose-6-
phosphate
dehydrogenase
(EC 1.1.1.49)

TEC 150/30 0.6ml Tris-HC1 pH 8.0 No
1.5m1 NADP, 12 drops
Glucose-6-phosphate,
6 drops MgC12, 5 drops
MTT, 5 drops PMS,
2m1 agar

Glutamate
oxaloacetate
trasferase

CAAMP 150/30 3m1 Solution #1, 10 Yes
drops solution #2,
2m1 agar

(EC 2.6.1.1)

Glycer-
aldehyde-3

CAAMP 150/30 0.6m1 Tris-HC1 pH 7.0 No
1.5m1 NAD, 10 drops

-phosphate
dehydrogenase

Fructose 1,6-diphosphate
5 drops Na2HAsO4, 5 drops

(EC 1.2.1.12) MTT, 5 drops PMS, 50m1
Aldo lase, 2m1 agar

Glycerol-3-
phosphate
dehydrogenase

TEC 150/30 0.6m1 Tris-HC1 pH 8.0 No
1.5m1 NAD, 22 drops DL-
glycerophosphate, 5 drops

(EC 1.1.1.8) MIT, 5 drops PMS, 2m1 agar

b-Hydroxy-
butyrate
dehydrogenase

CAAPM 210/25 0.6m1 Tris-HC1 pH7.0 Yes
lml Hydroxybutyrate
1.5m1 NAD, 5 drops MgC12

(EC 1.1.1.30) 5 drops PMS, 5 drops MIT
.0m1 agar
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Table 2. (Continued).

Enzyme Buffer Voltage/ Recipe for staining incuba-
system Time(min) mixture tion

Isocitrate Cit- 200/30 1.0m1 Tris-HC1 pH 7.0 No
dehydrogenase rate- 1.5m1 NADP, 15 drops
(EC 1.1.1.42) PO4 isocitric acid, 8 drops

Mg Cl?, 5 drops MTT, 5
drops PMS, 2m1 agar

Ma late TEC 150/30 1.0m1 Tris-HC1 pH 8.0 Yes
dehydrogenase 1.5m1 NAD, 13 drops
(EC 1.1.1.37) Malic substrate, 5 drops

MIT, 6 drops PMS,
2m1 agar

Malic enzyme TEC 150/30 0.6m1 Tris-HC1 pH 8.0 No
(EC 1.1.1.40) 1.5m1 NADP, 12 drops

Malic substrate, 2 drops
MgC12, 5 drops MIT, 5
drops PMS, 2m1 agar

6-phospho- TEC 150/30 0.6m1 Tris-HC1 pH 8.0 No
gluconate 1.5m1 NADP, 6 drops 6-
dehydrogenase phosphogluconic acid,
(EC 1.1.1.44) 6 drops MgC12, 5 drops

MIT, 5 drops PMS, 2m1 agar

Phospho- TG 210/25 1.0m1 Tris-HC1 pH 8.0 No
glucomutase 1.5m1 NADP, 5 drops
(EC 2.7.5.1) MgC12, 5 drops Glucose-1

-phosphate, 5 drops MIT,
5 drops PMS, 5m1 G6PDH,
2 ml agar

Phospho- CAAMP 150/30 1.0m1 Tris-HC1 pH 8.0 No
glucose 1.5ml NADP, 5 drops
isomerase Fructose-6-phosphate
(EC 5.3.1.9) 5 drops MTT, 5 drops PMS

5m1 G6PDH, 2m1 agar

Xanthine TEC 150/30 1.0m1 Tris-HC1 pH 8.0 Yes
dehydrogenase 1.5m1 NAD, 20 drops
(EC 1.2.1.37) Hypoxanthine, 5 drops

PMS, 5 drops MTT,
2m1 agar
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Appendix I.

5. Gel storage and scoring

When staining was completed the agar and stain were removed by holding the

plate under hot running water. The plate was soaked in the hot running water for 3

min to minimize background staining, dried in an oven at 60 C for 10 minutes, and

then scored. For a long term storage, the plate can be wrapped in a sheet of

aluminum foil, and stored at -20 C. The gel can be scored on a light box at any

time. The enzyme bands were scored using the most common band of each enzyme

system as a standard and calculating its distance as measured from the sample origin

to the center of the enzyme band as 100. The relative mobility (Rf) values of the

other bands were relative to the standard band.

For each taxon studied, products of 14 enzyme systems were examined.

Enzymes are abbreviated using capital letters (e.g. PGM), their loci are given in

italicized abbreviations with only the first letter capitalized. Numerals are used when

more than a single locus codes for an enzyme (e.g. Pgm-1). The alleles at a

particular locus are designated by adding superscript A, B, etc. to the correlative

locus in order of increasing mobility (e.g. Pgm-1A).

6. Analyses of data

The genotypes of each individual bee were inferred for allozyme loci by

interpretation of electrophoretic data. FORTRAN IV program, BIOSYS-1 (Swofford

and Selander 1989), is used to compute:

(1) the allele frequencies at different loci, proportion of polymorphic loci,

genetic diversity or Hardy-Weinberg expected heterozygosity (H=1-S Xi2 where Xi is
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the frequency of the ith allele, Nei 1975), and number of alleles per locus were

calculated for each population and each species.

(2) F-statistics (Wright 1978) for the analysis of population structure by

standardized genetic variance are computed for all variable loci.

(3) Rogers (1972) genetic similarity

Si = 1 D.

= [1/2 S (Xryi)2]1/2

where Xi and Yi are the frequencies of the i allele at the j locus in populations X and

Y, respectively. Rogers' coefficient measures the genetic similarity between

populations in pairs on the basis of allelic frequency data from large number of loci.

A value of Si =1 indicated genetic identity and a value of Si =0 indicates no alleles are

shared between two populations.

(4) Wright's (1978) Prevosti distance

D1 = 0.5 Sk I qx-qy I

the genetic distance is half the sum of the absolute difference between the allelic

frequencies of the two populations for a single locus. Where K is the number of

alleles, qx and qy are the frequencies of alleles in populations X and Y, respectively.

The values of differences rang from 0 to 1.

(5) Dendrograms based on Rogers genetic similarity and Prevosti genetic

distance, using the Wagner tree method (Farris, 1972) was also generated from

BIOSYS-1.

III. Karyotypes

1. Samples
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Prepupae of M. rotundata (4 sites) and M. apicalis (9 sites) were employed for

the chromosome analysis (see Table 1).
0

Postdiapausing prepupae were incubated at 30 C until their head capsules

become transparent (approximate 9-10 days). The brains of each were removed for

karyotype analysis. A total of 610 individuals were used in this study which

represented a sample of approximately 50-60 specimens per population of each

species (except Spain population of M. rotundata, in which only 9 individuals were

examined).

2. Chromosome preparation

A. Dissection and pre-treatment

Imai's (1977) air-drying technique was modified by: 1) dissecting out brain

tissue in isotonic saline rather than a colchicine-hypotonic solution; 2) treating the

brain tissue with a colchicine-hypotonic solution (0.005g of colchicine in 1% sodium

citrate : 1% sodium citrate solution = 1:1) for 20 minutes.

B. Fixation

Imai's methods of fixation were followed exactly. The brain tissue was

transferred to a pre-cleaned slide using a pipet; the colchicine-hypotonic solution was

drained off by inclining the slide and absorbing the liquid at the end of the slide.

Fixative I (3:3:4 glacial acetic acid : methanol : distilled water); II (1:1 glacial acetic

acid:methanol), III (glacial acetic acid) were added gradually and the slides air-dried

completely.

C. Stain

Giemsa solution (Giemsa stock solution : pH6.8 phosphate buffer = 1:10) was

poured over the dried tissue, stained for 10 minutes, and rinsed in distilled water.
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3. C-banding

BSG, the standard C-banding method (Sumner 1972) was used in this study,

with only trivial modifications. Air-dried chromosome preparations were treated with

0.2N hydrochloric acid for 1 h at room temperature, followed by a rinse with distilled

water. The slides were placed in freshly prepared 5% aqueous solution of barium
0

hydroxide octahydrate (Ba(OH)28H20) at 60 C for about 7 minutes, followed by a
0

thorough rinsing with 35°C distilled water. Slides were incubated for 1 h at 65 C in

2x SSC (0.3M sodium chloride containing 0.03 m tri-sodium citrate), and again

rinsed with distilled water. The dried slides were stained with 10% Giemsa solution.

for about 45 min, rinsed with distilled water and dried thoroughly.

4. G-banding

Seabright's (1971) trypsin G-banding method was employed in this study with

little modification. Air-dried slides were placed horizontally and flooded with 0.25%

trypsin (Difco) in isotonic saline for 10-15 sec, then rinsed twice in isotonic saline.

At this stage the slide may be examined by phase contrast microscopy to assess the

action of the enzyme. No bands are visible without staining, but the phase difference

can be compared with untreated chromosomes, and the chromosomes appeared

slightly swollen. Obvious chromosomal distortion indicated excessive treatment. The

slide was rinsed with distilled water, stained for 20 min with 10% Giemsa solution,

then rinsed well with distilled water.

5. Karyotype analysis

To describe chromosome morphologies, we followed Levan's (1964)

chromosomal nomenclatorial system. Material analyses were made from both

photographed and direct microscopic observations (slide coordinates documented).
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The aim of the karyotype analysis was to determine the modal karyotype of the

specimens. This was based on 5 to 10 concordant observations of up to 20

metaphases, with consideration given to G- and C- banding data. The predominant

type was chosen as the modal karyotype. The frequencies of different karyotypes (%)

and polymorphic chromosome pairs (%) in the pool of diploid chromosome sets of

populations were calculated.
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RESULTS

PART 1. ENZYME-ELECTROPHORESIS

I. Isozyme banding patterns

Fifteen populations of leafcutting bees were used for this study. The sources

of the populations and the designations used in this paper, are listed in Table 1.

Fourteen enzymes (see Table 2) were analyzed electrophoretically on random samples

of 24-28 individuals from each population. The electrophoretic phenotypes of these

enzymes are shown in Figures 6-21. The pattern types (phenotypes), number of

bands and the Rf values of the banding for each enzyme are summarized in Table 3;

the pattern types which are applied to M. rotundata and/or M. apicalis are listed in

Table 3a.



eanellesap
.. .....41, Mb am 41111

A C

E

webeia.aeldats
er mows *OM le

M L K J F

Figure 6. ME isozyme pattern.

+

+

D B

amo 10111.41/16.011140

4.41,401111.....

H G I

41



1101161.6"' eliasegies

A B C

4o 4111 0.11114...

amssimmis4

F H D

E

oft

Figure 7. PGM isozyme patterns.

A

OD OD 1.

42



43

G CAB

. era asOMMUNI

H

E F D

1140110 4100
q0111011

I J

$4 44111,

e ttr
so

L K

Figure 8. MDH isozyme patterns (1).



op

14;
la 4411111

MQ T SUR

P N

Figure 9. MDH isozyme patterns (2).

a46111101S
4.111"."1111111111111

0

V

44



+

av air am MD ow MI

dik 111. ea*. 4ND MD 4i ow

B A C

Nootams....4.1111.--.-

Figure 10. G6PDH isozyme Figure 11. FUM isozyme

patterns.

issillIa

B A

Figure 12. GOT isozyme patterns.

pattern.

s

B C

45



46

*iefe.. ...

E BC AF D

Figure 13. HBDH isozyme patterns.

1

+
A

is...maw INIONON
4OP

AC B

Figure 14. GAPD isozyme patterns.



47

A C B

Figure 15. XDH isozyme Figure 16. PGI isozyme

patterns. pattern.

+

MP INV 4111141111. IMP OW IMPS.
ni11111111101

.... MOP

A B

Figure 17. AO isozyme Figure 18. IDH isozyme

pattern. patterns.



+

B A

+

D

Figure 19. GPDH isozyme patterns.

E F

C

48



-
AB

ON 41110 (104141.4.
4. am 4110 MID N al WSW

D

Figure 20. 6PGDH isozyme patterns (1).

41.04.4111411.4.

G

16101611411

H F E

49



111........1.44
awei. .......w.

I K

7

+
A

+

Figure 21. 6PGDH isozyme patterns (2).

L

50



51

Table 3. Summary of banding pattern types in 14 enzyme systems**

Enzyme Pattern

Number

of band Rf value

Malic enzyme

A 2 78, 103

B 3 73, 76, 103

C 3 66, 78, 100

D 4 66, 78, 100, 106

E 2 73, 100

F 3 73, 76, 100

G 4 73, 76, 100, 106

H 4 73, 76, 80, 100

I 5 73, 76, 80, 100, 106

J 3 73, 80, 100

K 2 76, 100

L 2 80, 100

M 3 66, 76, 97

Phosphoglucomutase

A 2 52, 115

B 3 52, 66, 115

C 2 66, 121

D 3 66, 80, 115

E 3 66, 115, 121

F 3 66, 80, 100

G 2 66, 100

H 2 66, 115
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Table 3. (Continued).

Number
Enzyme Pattern of band Rf value

Ma late dehydrogenase

A 3 100, 120, 156

B 3 100, 120, 162

C 5 100, 101, 106, 120, 162

D 7 100, 101, 106, 120, 126, 131,156

E 5 100, 101, 106, 120, 156

F 5 *406, 100, 101, 120, 156

G 4 100, 101, 120, 156

H 4 -106, 100, 120, 156

I 3 -106, 120, 156

J 4 -106, 100, 120, 162

K 4 100,101, 131, 162

L 3 100, 131, 162

M 6 100, 101, 120, 126, 131, 162

N 7 100, 101, 106, 120, 126, 131, 162

0 4 100, 101, 120, 162

P 4 100, 101, 106, 131

Q 5 100, 120, 126, 131

R 8 100, 101, 106, 120, 126, 131,156,162

S 7 100, 101, 120, 126, 131,156,162

T 6 100, 120, 126, 131,156,162

U 1 100

V 5 100, 120, 126, 131,156
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Table 3. (Continued).

Number
Enzyme Pattern of band Rf value

Glucose-6-phosphate dehydrogenase

A 2

B 3

C 2

Fumarate hydratase

A 1

100,

100,

100

103,

103,

121

121

121

Glutamate oxaloacetate transferase

A 2 100, 110

B 2

C 1

100, 106

106

Aldehyde dehydrogenase

A 1 100

b-Hydroxybutyrate dehydrogenase

A 1 91

B 3 91, 100, 109

C 3 91, 96, 100

D 1 100

E 3 100, 104, 109

F 1 109

Glyceraldehyde-3-phosphate dehydrogenase

A 1 100

B 1 91

C 2 91, 100
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Table 3. (Continued)

Number
Enzyme Pattern of band Rf value

Xanthine dehydrogenase

A 1

B 1

C 1

Isocitrate dehydrogenase

A 3

B 3

94

100

102

61, 100, 125

71, 108, 128

Glycerol-3-phosphate dehydrogenase

A 2 90, 100

B 2 96, 100

C 3 96, 100, 114

D 3 90, 100, 114

E 1 100

F 2 100, 114

6-Phosphogluconate dehydrogenase

A 2 93, 123

B 3 93, 100, 123

C 4 93, 100, 107, 123

D 3 100, 118, 123

E 2 100, 123

F 4 100, 123, 130, 136

G 3 100, 123, 136



55

Table 3. (Continued).

Number
Enzyme Pattern of band Rf value

Phosphoglucoseisomerase

A 1

6-Phosphogluconate dehydrogenase

100

H 5 93, 100, 123, 130, 136

I 3 100, 123, 130

J 3 93, 123, 130

K 2 100, 130

L 3 100, 107, 123

* A sign (-) used for showing that the band migrated cathodally.

** The most common allele was assigned a mobility value of 100 and that of the

other alleles was calculated relative to this value.
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Table 3a. Summary of banding pattern types occurring in M. rotundata and M.

apicalis

Enzymes rotundata apicalis

Glucose-6-phosphate A A, B, C

dehydrogenase

Glutamate oxaloacetate A, B, C A

transferase

Glyceraldehyde-3- A A, B, C

phosphate dehydrogenase

Glycerol-3-phosphate A, B, C, D, E, F A, C, D
dehydrogenase

b-Hydroxybutyrate A, B, C, D, E, F D

dehydrogenase

Isocitrate A, B A, B

dehydrogenase

Ma late dehydrogenase A, B, C, D, E, F, A, B, C, D, E,
G, H, I, J, M, N, I, K, L, M, N,
0, P, Q, V 0, P, Q, R, S,

T, U, V

Malic enzyme A, B, C, D, E, F, C, D, F, G, H,
I I, J, K, L, M

Phosphoglucomutase F, G, H A, B, C, D, E,
G

6-Phosphogluconate A, B, C, D, E, F, A, B, C, D, E,
dehydrogenase H, L F, G, I, I, K

Xanthine dehydrogenase A, B, C A, B, C
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II. Allelic designation and their frequencies in both M. rotundata and M. apicalis

Because of the complexity of the isozyme banding patterns and in the absence

of breeding data, a full interpretation of genetic basis of variability is impossible.

However, it is possible to designate alleles and loci using the following criteria:

(1) A stained gel may show the presence of a particular enzyme at more than

one migration position. These multiple forms of an enzyme are known as isozymes

(Hunter and Markert, 1957). The isozymes may be monomeric (consist of only a

single polypeptide chain), be dimeric or tetrameric (contain two or four polypeptide

chains). Detectable isozymes can arise from three different genetic and biochemical

phenomena: a) more than one locus coding for a single enzyme; b) more than one

allele at a locus coding for the enzyme; c) post-translational processing and the

formation of secondary isozyme (Harris and Hopkinson, 1976). A brief summary of

the principles of genetic interpretation is provided in Figure 22. Loci are designated

1, 2, 3 (i.e. Me-1, Me-2), and the alleles are A, B, C, D on each locus respectively in

order of increasing electrophoretic mobility (i.e. Me-1A, Me-lB etc.). MDH-1 is an

exception in that some alleles migrated cathodally. The null allele which make no

enzymatic product is designated as "N" in some enzymes. PHEN (pattern type)

represents the individual phenotypes of each enzyme reflecting the banding patterns

shown in Figures 6-21.

(2) For some enzymes, such as ME, the allelic designation is made in

accordance with observations in other organisms where breeding studies have been

carried out (May and Royse 1982) (for example see May et al, 1979 and Povey et al,

1975).

(3) For other enzymes, such as G3PD, the designation is made because of

their electrophoretic variations conform to the known subunit compositions of proteins
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Figure 22. Predicted banding patterns for one locus with two alleles (A and A') and

two duplicated loci which share the same two alleles for monomeric, dimeric and

tetrameric enzymes of a diploid organism. Genotypes are listed beneath each banding

pattern (phenotype); alleles are designated by capital letters. The subunit composition

of each protein band is shown on the right; lower case letters refer to subunit

designations. The expected ratios of banding intensity for each phenotype is

presented beneath the genotype (Micales et al 1986).
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(Allendorf & Utter, 1979).

(4) For most of the enzymes, the allelic variants are designated according to

their relative electrophoretic mobility. One allele (usually the most common) is

arbitrarily designated with an Rf value of 100. This number represents the migration

distance of the isozyme coded for by this allele. Other alleles are then assigned a

numerical value representing their mobility relative to this migrating distance.

1. Monomorphic enzyme system

Three enzyme systems FUM (Figure 11), PGI (Figure 16), and AO (Figure

17) are monomorphic in all populations examined. Only a single band is resolved in

the three systems.

2. Polymorphic enzyme system

Eleven of the enzyme systems studied are found to be polymorphic for at least

one locus:

A. Ma lic enzyme (ME)

There are two zones of ME activity, Me-1, Me-2, both of which migrated

anodally (Figures 23a-b). In humans, (Harris and Hopkinson, 1976) cytoplasmic ME

(ME,) is a tetrameric enzyme, heterozygotes are often atypical and homozygotes

exhibit two bands which differ in relative intensity. These isozymes appear to

correspond to dimeric and tetrameric forms of the enzyme. In our studies, Me-1

exhibits 3 alleles, A, B, C. Me-lA and Me-lB homozygotes appear as one band

(Figures 23a-b,PHEN A, E, K) or two bands (Figure 23a,PHEN D, F) which differ

in relative intensity. Me-/c homozygotes observed only in M. apicalis show one

band (Figure 23b, PHEN, L). Me-1 heterozygotes are asymmetrical (Figures 23a-b,

PHEN, I, J, M). At Me-1, the common allele in M. rotundata is Me-1A, whereas
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Figure 23a. Electrophoretic phenotypes and their

genotypes for ME.
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allele Me -1B is the major allele in M. apicalis (Table 4). Me-2 has three alleles A, B,

C. Me-2A homozygotes again display one band (Figure 23b, PHEN, J) or two

bands(Figure 23b, PHEN, I) with different relative intensity. Me-2B and Me-2C each

have one band (Figures 23a-b, PHEN, M, A). Me-2C is only present in M.

rotundata. Me-2B is observed in all populations of M. rotundata; and in Lederer

population of M. apicalis with very low frequency of 0.021 (Table 4). No observed

heterozygotes occur at the Me-2 locus.

B. Phosphoglucomutase (PGM)

Two PGM loci are identified as Pgm-1 and Pgm-2 (Figure 24). Both loci

display single and double bands of PGM activity, therefore give a two-banded pattern

characteristic of two alleles for a monomeric enzyme. Pgm-1 displays three alleles,

with two types of heterozygotes (Figure 24, PHEN B, D), and two types of

homozygotes detected (Figure 24, PHEN A, G). Allele Pgm-1A is absent from M.

rotundata. Allele Pgm-lc is only present in few populations of M. apicalis.

However the two species share the same common allele Pgm-113. Pgm-2 also has

three alleles, and three different homozygotes are observed (Figure 24, PHEN A, C,

F). But, only one pattern of heterozygotes on Pgm-2 was observed in all populations

(Figure 24, PHEN E), and the two species have the different common allele, Pgm-2A

common in rotundata and Pgm-2B in apicalis (Table 4).

C. Ma late dehydrogenase

Three zones of MDH activity, Mdh-1, Mdh-2, and Mdh-3, are consistently

found in the 2 species (Figures 25a-c).

Mdh-1 migrated cathodally. Six electromorphs are present in the cathodal

zone. They are assumed to be governed by four codominant alleles, Mdh-1A, Mdh-

1B, Mdh-lc, and Mdh-/D. The three bands of MDH activity show the presence of

the heterodimeric band for the dimeric enzyme (Figure 25a, PHEN C, D, E, F).
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Figure 25a. Electrophoretic phenotypes and their

genotypes for MDH.
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Figure 25b. Electrophoretic phenotypes and their

genotypes for MDH.
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Figure 25c. Electrophoretic phenotypes and their

genotypes for MDH.
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Whereas the two bands of Mdh-1 activity encoded by two alleles display the presence

of the homodimeric band (Figure 25b, PHEN J, K).

The anodal zones are represented by Mdh-2 and Mdh-3 loci. Homozygous

(Figures 25a-b, PHEN A, K, 0 etc) and heterozygous (Figures 25abc, PHEN D, M,

Q etc) electromorphs are present at the Mdh-2. They are governed by two

condominant alleles, Mdh-2A, Mdh-2B. Mdh-3 is characterized by two alleles Mdh-

3A, and Mdh-3B which code for two different subunits as homozygotes (Figure 25b,

PHEN I, J). The heterozygotes exhibited characteristics of the homodimeric band

(Figure 25c, PHEN R, S, T). Null enzymes also are present in some individuals

(Figures 25a-c, PHEN, P, U).

At Mdh-1 and Mdh-2, M. rotundata and M. apicalis share all the same alleles

but show different frequencies in the two species. However, M. rotundata has a rare

allele, Mdh-3c which is observed in Grenada population (Table 4).

D. Glucose-6-phosphate dehydrogenase

Two discrete zones of enzyme activity were observed. These were assumed to

be governed by two different genes, G6pd-1, G6pd-2 (Figure 26). The faster-moving

locus, G6pd-2, is invariant in all populations of both species. The polymorphism

occurs at the slower-moving locus, G6ph-1, only in M. apicalis. The G6pd-1 is

represented by three electromorphs which were presumably governed by 2 alleles

G6pd-1A (Figure 26, PHEN A), G6pd-1B (Figure 26, PHEN C) and their

heterozygotes (Figure 26, PHEN B). This locus exhibits single allele character in M.

rotundata (Table 4).

E. Glutamate oxaloacetate transferase

The GOT gels exhibited two staining areas (designated as Got-1 and Got-2 in

order of increasing mobility (Figure 27). Got-1 was monomorphic in both species,

occasionally null alleles were present at this locus (Figure 27, PHEN, C).
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Figure 26. Electrophoretic phenotypes and their

genotypes for G6PDH.
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In M. rotundata, Got-2 showed two types of bands, the faster one Got-2A

(Figure 27, PHEN, A) and the slower one Got-2B (Figure 27, PHEN B,C). The Got-

2B is the common allele in M. rotundata but Got-2A is the only allele present at Got-2

locus in M. apicalis (Table 4).

F. Hydroxybutyrate dehydrogenase

Six electromorphs were identified. They were assumed to be governed by

three codominant alleles, HbdhA, HbdhB, and Hbdhc in order of increasing mobility.

The homozygotes of the three alleles HbdhA, HbdhB, Hbdhc (Figure 28, PHEN A,

D, F) and their heterozygotes (Figure 28, PHEN B, C, E) were commonly present in

all populations of M. rotundata. In the populations of M. apicalis only the most

common allele HbdhB was observed (Table 4).

G. Glyceraldehyde-3-phosphate dehydrogenase

Two single and one double band was observed for G3PD locus in M. apicalis

(Figure 29). They were assumed to be produced by two alleles, G3pdA (Figure 29,

PHEN A) and G3pdB (Figure 29 PHEN B). In other organisms, e.g. Malaysian

stingless bees, the G3PD enzyme is represented by a three-banded pattern

characteristic of two alleles for a dimeric enzyme (Yong, 1991). On the basis of a

model of two alleles segregating at a single locus, the presence of the two bands of

G3PD activity for some populations of M. apicalis (Figure 29, PHEN C) was

considered to be the products of two alleles, G3pdA and G3pdB, combining to produce

the missing heterodimeric band. All populations of M. rotundata display

monomorphic characteristic of single allele G3pdA for G3PD locus (Table 4).

H. Isocitrate dehydrogenase

Two electrophoretic phenotypes were observed for IDH in both species

(Figure 30). These phenotypes were attributed to a duplicated Idh gene (Figure 22).

Two codominant alleles were involved, /dhA and /dhB in order of increasing
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PHEN A B CD E F

HBDH AA AC AB BB BC CC

Figure 28. Electrophoretic phenotypes and their

genotypes for HBDH.
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PHEN A B C

G3PD AA BB AB

Figure 29. Electrophoretic phenotypes and their

genotypes for G3PDH.
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PHEN A B

IDH-2 AA BB

IDH-1 AA BB

Figure 30. Electrophoretic phenotypes and their

genotypes for IDH.
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electrophoretic mobility (Table 4). Both three-banded patterns are consisted to

homophenotypes (Figure 30, PHEN A, B).

Because loci Idh-1, Idh-2 are duplicated, the allele frequencies for the

individual loci could not be calculated directly. In order to solve this problem, the

assumption was made that the same allele was not present at both the duplicated loci

(see Figure 22). The alleles were then assigned to the loci by using the phenotype

and genotype information as follows. When an individual was found with A type

phenotype, and AAA'A' genotype at IDH, it was assumed that alleles A and A'

belonged to different loci of the Idh-1,2 duplicate. Further, for the B type phenotype,

and BBB'B' genotype at IDH, it was assumed that allele B belonged to the same locus

as allele A, then B' belonged to the same locus as allele A'. The numbering of the

loci is of course arbitrary. The frequencies of alleles at Idh-1,2 loci are listed in

Table 4.

I. Xanthine dehydrogenase

Three single-band forms having Rf values of 94, 100, and 102 were observed

in the Xanthine zone (Figure 31, PHEN A, B, C) in both M. rotundata and apicalis.

The three apparent alleles have been designated as XdhA, XdhB, and Xdhc (Table 4) in

order of increasing mobility and suggest a dimeric enzyme.

J. Glycerol-3-phosphate dehydrogenase

Two zones of GPDH activity were detected. Two single bands were observed

for Gpd-1 which were designated as Gpd-1A (Figure 32, PHEN A) and Gpd-1B

(Figure 32, PHEN B). The Gpd-1 locus sometimes was exposed as a null allele in

several individuals of two species (Figure 32, PHEN E, F). The two species have

different common alleles at this locus. M. rotundata mainly contains Gpd-1B and M.

apicalis has Gpd-1A (Table 4). One single and two double bands were observed for

Gpd-2 (Figure 32, PHEN E, F) in both species. The two band patterns are the



origin

+

PHEN A B C

XDH AA BB CC

Figure 31. Electrophoretic phenotypes and their

genotypes for XDH.
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MIN III= I= 111= MI NM

PHEN A B CD E F

GPD-2 AA AA AB AB AA AB
GPD-1 AA BB BB AA N N

Figure 32. Eletrophoretic phenotypes and their

genotypes for GPDH.
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characteristic of a missing heterodimeric band.

K, 6-Phosphogluconate dehydrogenase

Two zones of 6PGD activity were detected. The faster-moving zone was

designated as 6Pgd-2 and four alleles with Rf values of 123, 130, 118, and 136

respectively. Two types of homozygotes, 6Pgd-2AA (Figure 33a, PHEN A) in M.

apicalis, 6pgd-2BB (Figure 33b, PHEN K) in M. rotundata and three of

heterozygotes, 6Pgd-2AB (Figure 33b, PHEN J) in M. apicalis, 6Pgd-2Ac (Figure

33a, PHEN D) in M. rotundata and 6Pgd-2AD (Figure 33a, PHEN F, G) in both

species were observed. However the two species share the same common allele

6Pgd-2A (Table 4).

The slower-moving zone was designated as the 6Pgd-1 locus with three alleles

A, B, C. They had Rf values of 100, 93, 107 respectively. Homozygotes, 6Pgd-1AA

(Figure 33a, PHEN, D) and 6Gpgd-1BB (Figure 33a, PHEN A), their heterozygotes,

6Pgd-1AB (Figure 33a, PHEN B), 6Pgd-IBC (Figure 33a, PHEN C); and 6Pgd-lAc

(Figure 33b, PHEN L) were observed in both M. rotundata and M. apicalis.

Apparently both species displayed high intraspecific and/or interspecific allele

specificity and variation at most of the enzyme loci. Two to four different alleles

were commonly detected in 7 populations of rotundata at Me-1,2; Pgm-1,2; Mdh-

1,2,3; Got-2; HBDH, Idh-1,2; XDH; Gpdh-1,2 and 6Pgdh-1,2. In 7 populations of

apicalis, two to four different alleles were observed at Me-1; Pgm-1,2; Mdh-1,2,3;

G6pdh-1,2; GAPDH; Idh-1,2; Xdh; Gpdh-1,2; and 6Pgdh-1,2. The most common

alleles at each locus which may either be same or be different in two species have

frequencies ranging from 0.5 to 1.0 (Table 4). In M. rotundata, there is only one

rare allele Mdh-3c which is present in one out of 7 populations. In M. apicalis, there

are six rare alleles, Me-2B, Pgm-lc, Pgm-2A, Mdh-lc, Gpdh-1B and 6Pgdh-2D.
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NEM =M MEM MIN M= - NMI

PHEN A B CD E F G H

6PGD-2 AA AA AA AC AA AD AD AD
6PGD-1 BB AB BC AA AA AA AA AB

Figure 33a. Electrophoretic phenotypes and their

genotypes for 6PGDH.
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PHEN I J K L

6PGD-2 AB AB BB AA

6PGD-1 AA BB AA AC

Figure 33b. Electrophoretic phenotypes and their

genotypes for 6PGDH.



Table 4. Allelic frequecies in 14 populations at the 23 loci.

Enzyme
locus and
allele MR1 MR2 MR3 MR4 MR5 MR6 MR7 MA1 MA2 MA3 MA4 MA5 MA6 MA7

ME-1
A 1.000 1.000 1.000 1.000 .875 .917 .926 .104 .438 .000 .000
B .042 .083 .667 .563 .479 .957 .917 .729 .870
C .083 .074 .229 .521 .043 .083 .271 .130
D

ME -2
A .938 1.000 .985 1.000 1.000 .917 .870 .979 1.000 1.000 1.000 1.000 1.000 1.000
B .063 .042 .093 .021
C .042 .042 .037 -
D

PGM-1
A .021 .313 .229 .042 .042 .167 .063
B .979 .792 .979 .896 .625 .833 1.000 .917 .688 .771 .958 .958 .833 .938
C .021 .208 .021 .104 .375 .167 .063

PGM-2
A 1.000 1.000 .958 1.000 1.000 .958 .964 .167
B .042 .042 .036 .833 1.000 1.000 .583 1.000 .667 .875
C .417 .333 .125

MDH-1
A .958 .708 .896 .917 .583 .771 .857 .854 .958 1.000 .771 .958 .917 .833
B .021 .188 .021 .042 .354 .125 .063 .042 .208 .042 .083 .042
C .063 .021 .143 .042 - - -

D .021 .104 .021 .042 .042 .104 .042 .021 - .125
MDH-2

A 1.000 .813 .833 .875 .854 .938 1.000 .958 .958 1.000 .565 .917 1.000 .458
B .188 .167 .125 .146 .063 .042 .042 .435 .083 .542
C
D



TABLE 4. (Continued).

Enzyme
locus and
allele MR1 MR2 MR3 MR4 MR5 MR6 MR7 MA1 MA2 MA3 MA4 MA5 MA6 MA7

MDH-3
A .417 .190 .688 .389 .625 .542 .964 .667 .400 1.000 .333
B .583 .810 .313 .611 .375 .458 .333 1.000 1.000 .600 1.000 .667
C .036

G6PDH-1
A 1.000 1.000 1.000 1.000 1.000 1.000 1.000 .771 .958 .896 .917 .708 .708 .896
B .229 .042 .104 .083 .292 .292 .104

G6PDH-2
A 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
B -

GOT -2
A .045 .036 1.000 1.000 1.000 1.000 1.000 1.000 1.000
B 1.000 1.000 .955 1.000 1.000 1.000 .964

HBDH
A .083 .354 .333 .083 .188 .063 .161
B .917 .417 .563 .896 .542 .500 .482 1.000 1.000 1.000 1.000 1.000 1.000 1.000
C .229 .104 .021 .271 .438 .357

G3PDH
A 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 .938 1.000 1.000 .917 .938
B .063 .083 .063

IDH-1
A 1.000 .583 .542 1.000 1.000 1.000 .821 .750 .583 .542 .542 .708 .792 .792
B .417 .458 .179 .250 .417 .458 .458 .292 .208 .208

IDH-2
A 1.000 .583 .542 1.000 1.000 1.000 .821 .750 .583 .542 .542 .708 .792 .792
B .417 .458 .179 .250 .417 .458 .458 .292 .208 .208



TABLE 4. (Continued).

Enzyme
locus and
allele MR1 MR2 MR3 MR4 MR5 MR6 MR7 MA1 MA2 MA3 MA4 MA5 MA6 MA7

XDH
A .042 .179 .542 .708 1.000 .458 1.000 1.000 .583
B 1.000 .833 .750 1.000 .833 .875 .821 .167 .292 .375 .417
C .167 .208 .167 .125 .292 .167 _

GPDH-1
A .042 .050 .043 .957 1.000 1.000 1.000 1.000 1.000 1.000
B 1.000 1.000 .958 1.000 .950 .957 1.000 .043 _

GPDH-2
A .958 .708 1.000 .792 .587 .739 .982 .891 1.000 1.000 .848 1.000 1.000 .816
B .042 .292 .208 .413 .261 .018 .109 .152 .184

6PGDH-1
A .957 .667 .729 .875 .813 .783 .944 .917 .792 .958 .271 .563 .792 .313
B .043 .333 .250 .083 .174 .056 .083 .188 .042 .479 .417 .208 .604
C .021 .042 .188 .043 .021 .250 .021 .083

6PGDH-2
A .688 1.000 1.000 1.000 .896 1.00 .911 .938 1.000 .917 .938 1.000 .729 .958
B .083 .104 .063 .063 .271 .042
C .167 .018 .021
D .063 .071 .063

GOT -1
A 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

RAW
A 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

PGI
A 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

AO
A 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
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Genetic variability

1. Overall genetic variation

Genetic variability is determined by three criteria (Carvalho and Loney, 1989):

a) the effective number of alleles at a locus, Ne, which is the reciprocal of the sum of

squares of the allele frequencies at that locus; b) the percentage of polymorphic loci,

%P; c) the mean heterozygosity over all loci, H, which can either be calculated from

Hardy-Weinberg expectation, or an observed value which simply denotes the

proportion of heterozygous individuals.

Based on the allele frequency in Table 4, all calculations were made in all

three of the above measures (expected heterozygosity was used in the study) (Table

5). In M. rotundata, an average population is polymorphic at 36.6% of its loci and

has an average of 1.6 alleles per locus, whereas 40.3% of loci are polymorphic and

each locus has an average of 1.57 alleles in M. apicalis. T-test (t=0.461) for the

difference of the means of allelic number per locus between two species is statistically

not significant at 0.05 level. The mean numbers of variable loci expressed as a

percentage in two species was not different at the 0.05 level (t=0.602, P >0.05).

The unbiased heterozygosity per population varied from 0.068 to 0.215. The

averages over all loci in each species were 0.132 in rotundata and 0.151 in apicalis.

The means between them were not significantly different at 0.05 level (t=0.781,

P>0.05).

Variable loci, number of alleles per locus and unbiased heterozygosity indicate

that there is no difference in the amount of genetic variability among the populations

of the two species, although both species are characterized by their own unique

allozyme banding patterns.
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TABLE 5. Genetic variability at 23 loci in the 14 natural

populations of M. rotundata and M. apicalis.

population

No. of
alleles per

locus (Ne)

percentage

of loci

polymorphic(%P)*

unbiased

heterozygosity

(H)**

rotundata

SPAIN 1.5 ± 0.2 17.4 0.068 ± 0.030
ATWATER 1.5 ± 0.1 43.5 0.184 ± 0.047
PALO CEDRO 1.8 + 0.2 34.8 0.161 + 0.043
FRANCE 1.4 ± 0.2 30.4 0.079 ± 0.028
CANADA 1.7 ± 0.2 47.8 0.173 ± 0.045
LEDERER 1.7 ± 0.2 43.5 0.145 ± 0.038
GERENADA 1.7 ± 0.1 39.1 0.116 ± 0.033

Mean 1.6 ± 0.05 36.6 0.132 ± 0.016

apicalis

LEDERER 1.9 ± 0.2 52.2 0.178 ± 0.040
GRENADA 1.5 ± 0.1 26.1 0.132 ± 0.041
WILLOWS II 1.4 ± 0.1 30.4 0.106 ± 0.038
JONES 1.7 ± 0.1 47.8 0.215 ± 0.050
PALO CEDRO 1.4 ± 0.1 26.1 0.098 ± 0.036
YREKA 1.4 ± 0.1 43.5 0.143 ± 0.037
PETERS 1.7 ± 0.1 56.5 0.184 ± 0.040

Mean 1.57 ± 0.07 40.3 0.151 ± 0.016

* A locus is considered polymorphic if the frequency of the most common allele
does not exceed 0.95.

** Unbiased estimate (see Nei, 1978).
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2. Intraspecific genetic variation

The genetic variability at 23 loci in all seven populations of rotundata and

seven of apicalis is shown in Table 5. The proportions of polymorphic loci range

from 17.4 to 47.8, number of alleles per polymorphic locus from 1.4 to 1.8, unbiased

heterozygosity per individual from 0.068 to 0.184 within populations of rotundata,

and correlatively, 26.1-56.5, 1.4-1.9, and 0.098-0.215 are calculated within

populations of apicalis.

All populations studied here are highly polymorphic but Old World

populations of rotundata (France and Spain) are consistently less polymorphic than

the New World populations when based on the three statistics, proportion of

polymorphic loci, average number of alleles per locus, and mean heterozygosity. The

difference in polymorphism arises from the fact that the Old World populations

contain a number of monomorphic loci (e.g. Pgm-2, Me-2) that are polymorphic in

New World populations. The New World populations of rotundata and apicalis are

relatively similar to each other in levels of polymorphism.

IV. Genetic differentiation

1. Genetic structure in interspecific populations

Three common descriptors of the variability at each locus are: Hs, the average

within-population heterozygosity for polymorphic loci; HT, the total heterozygosity

which is based on mean allele frequencies averaged over all populations; and, FsT,

Wright's fixation index which is a measure of the amount of differentiation among

populations relative to the limiting amount under complete fixation. They are by

definition algebraically related: FsT=(HT-Hs)/HT (Singh and Rhomberg, 1987), and

permit us to summarize the results on a per locus basis of all populations of M.
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rotundata (Table 6) and apicalis (Table 7). A comparison of the two Old World

populations and five New World populations of M. rotundata is presented in Table 8.

Since Hs and FST show the levels of mean heterozygosity within populations and

interpopulation differentiation respectively, the main features of M. rotundata and

apicalis in Tables 6-8 can be noted:

(1) The total heterozygosity (HT) in M. rotundata as a whole is greater than

the mean heterozygosity per population (Hs) (t= 3.903, p <0.05). The same

situations also occur in M. apicalis (t=3.02, p <0.05) and 5 New World populations

of M. rotundata. On the other hand, HT is not significantly greater than Hs in two

Old World populations of M. rotundata. High heterozygosity at many loci as average

for individual populations does not tell us if the total heterozygosity of the species

(HT) is greater than the mean heterozygosity per population (Hs)(Choudhary and

Singh 1987). It is only when local populations are differentiated from each other that

the value of HT increases. This is because HT is based on mean allele frequencies

averaged over populations which increases the evenness of allele frequencies resulting

in higher heterozygosity.

(2) FST (the fixation index) is the standard measure of interpopulation genic

differentiation. We have followed the methods of Singh and Rhomberg (1987) to

show the distribution of FST at polymorphic loci in 7 populations of M. rotundata and

7 of M. apicalis (Figure 34). The distributions are skewed, the mode in both species

is located at 2%-10%, a high tail of approximated 56% in apicalis (28% in

rotundata). There are three polymorphic loci in rotundata with FST > 20% and a

mean FST =0.116, while five loci have an FST > 20% and a mean FST =0.142 in

apicalis. When the two Old World populations of rotundata are excluded from the

calculation, the mean FST drops to 0.097, which suggests that a large part of the

interpopulation differentiation in M. rotundata results from significant differences
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Table 6. Total heterozygosity, average heterozygosity among populations and fixation

index for polymorphic loci in M. rotundata.

Loci Total Heterozygosity

(HT)

Ave. Heterozygosity

per populations
(Hs)

Fixation
index (FR I)

=(HT-Hs)7HT

Me-1 0.080 0.075 0.053

Me-2 0.089 0.086 0.043

Pgm-1 0.228 0.196 0.139

Pgm-2 0.034 0.033 0.023

Mdh-1 0.331 0.297 0.102

Mdh-2 0.181 0.170 0.058

Mdh-3 0.513 0.400 0.220

Got-2 0.023 0.023 0.030

Hbdh-1 0.558 0.484 0.132

Idh-1 0.261 0.186 0.287

Idh-2 0.261 0.186 0.287

Xdh-1 0.232 0.213 0.082

Gpdh-1 0.039 0.038 0.027

Gpdh-2 0.297 0.252 0.149

6Pgdh-1 0.308 0.281 0.089

6Pgdh-2 0.140 0.123 0.127

Mean 0.223 0.190 0.116
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Table 7. Total heterozygosity, average heterozygosity among populations and fixation

index for polymorphic loci in M. apicalis.

Loci Total Heterozygosity Ave. Heterozygosity Fixation

(HT) per populations
index (FsI)

=a1T-140/11T
(Hs)

Me-1 0.422 0.342 0.190

Me-2 0.006 0.006 0.018

Pgm-1 0.239 0.218 0.089

Pgm-2 0.265 0.208 0.214

Mdh-1 0.191 0.179 0.062

Mdh-2 0.279 0.190 0.320

Mdh-3 0.462 0.201 0.566

G6pdh-1 0.280 0.261 0.068

G6pdh-2 0.024 0.023 0.030

G3pdh-1 0.059 0.057 0.042

Idh-1 0.450 0.427 0.051

Idh-2 0.450 0.427 0.051

Xdh-1 0.401 0.308 0.230

Gpdh-1 0.013 0.012 0.037

Gpdh-2 0.122 0.110 0.097

6Pgdh-1 0.492 0.376 0.236

6Pgdh-2 0.142 0.126 0.113

Mean 0.253 0.204 0.142
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Table 8. Total heterozygosity, average heterozygosity among populations and fixation

index for polymorphic loci in New and Old World populations of M. rotundata.

Loci
New World populations

HT Hs FST
Old World populations
HT HS FST

Me-1 0.110 0.105 0.046 0.0 0.0

Me-2 0.100 0.096 0.043 0.062 0.060 0.032

Pgm-1 0.267 0.228 0.143 0.120 0.117 0.030

Pgm-2 0.048 0.047 0.016 0.0 0.0

Mdh-1 0.402 0.368 0.085 0.122 0.121 0.005

Mdh-2 0.204 0.194 0.050 0.120 0.112 0.067

Mdh-3 0.497 0.363 0.269 0.493 0.493 0.001

Got-2 0.033 0.032 0.025 0.0 0.0

Hbdh-1 0.636 0.608 0.044 0.175 0.175 0.001

Idh-1 0.340 0.260 0.233 0.0 0.0

Idh-2 0.340 0.260 0.233 0.0 0.0

Xdh-1 0.310 0.298 0.038 0.0 0.0

Gpdh-1 0.054 0.053 0.019 0.0 0.0

Gpdh-2 0.323 0.269 0.166 0.224 0.210 0.063

6Pgdh-1 0.359 0.330 0.081 0.160 0.158 0.016

6Pgdh-2 0.077 0.072 0.065 0.284 0.250 0.122

Mean 0.256 0.224 0.097 0.110 0.106 0.037
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4

2

M. rotundata

M. apicalis

4

0.0 0.1 0.2 0.3 0.4 0.5 0.6
FST

Figure 34. Distribution of fixation index (FST) at

polymorphic loci in 7 populations of M. rotundata

and 7 populations of M. apicalis.
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between Old World and New World populations. The small FST value in Old World

populations of rotundata (FST = 0.037) indicates little genetic differentiation compared

to those of the New World. Further, New World populations of M. rotundata show

significant less population differentiation than those of M. apicalis (FsT=0.097 vs

FST = 0.142).

(3) There is no correlation (Figure 35) between the fixation index for each

locus and the average within-population heterozygosity. In both M. rotundata

(including Old and New World populations) and M. apicalis, one-fourth of all

polymorphic loci have high variability (Hs > 10% Choudhary and Singh, 1987) and

show high population differentiation (FST > 20%), one-half have high genetic

variability and low FST; the other one-fourth have low population differentiation and

low genetic variability as well. These polymorphic loci fall into 3 groups, shared by

both M. rotundata and apicalis. The only difference is that M. rotundata has one

polymorphic locus, Hbdh-1, which is monomorphic in M. apicalis.

Eight loci (Pgm-1, Mdh-1, Mdh-3, Hbdh-1, Idh-1, Idh-2, Gpdh-2, 6Pgdh-2)

show intermediate (FST > 10%) and high (FST >20%) interpopulation differentiation

in M. rotundata when the two Old World populations are included in the

computation. However, after the two Old World populations are dropped from the

rotundata, only five loci (Pgm-1, Mdh-3, Idh-1, Idh-2, Gpdh-2) retain significant

interpopulation differentiation. Obviously, the New World populations are

significantly different from those of the Old World at three loci (Mdh-1, Hbdh-1, and

6Pgdh-2).

2. Genetic distance and similarity

Wright's (1978) Prevosti distance (D) and Rogers' (1972) genetic similarity
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(S) coefficients are calculated over all loci for 7 populations of rotundata and 7 of

apicalis (Table 9).

The amount of genetic differentiation among conspecific populations of each

species was highly variable. Little distance and great similarity was found between

some populations, for example, between two Old World populations (Spain and

France ) in rotundata, D =0.040 and S = 0.963; between two lines of selected

populations (Jones and Peter) in apicalis, D=0.076 and S=0.926, which originally

derived from the same source. Relatively high genetic differentiation can be observed

between conspecific populations, i.e. Spain and Atwater populations in rotundata,

D=0.142, S=0.864; Willows II and Jones populations in apicalis D=0.162,

S=0.845. The mean similarity and distance values among conspecific populations are

0.904 and 0.101 respectively for rotundata, 0.884 and 0.120 respectively for apicalis.

These data on genetic distance and similarity reflect a significantly greater genetic

differentiation among populations of M. apicalis than those of M. rotundata.

As anticipated, the pooling of the data from all 14 populations of the two

species in the derivation of genetic distances and similarities (Table 9) resulted in a

sharp dichotomy between the two species. Any other result would have raised

questions as to applicability of the characters as a tool, the appropriateness of the

method, or both.

A correlation of Wright's genetic distance within geographic distance among

California populations of M. rotundata and apicalis is presented in Figure 36. The

linear regression coefficients in both species are very close to zero indicating that

genetic differentiation among populations is not a function of the distance separating

them.



Table 9. Genetic distance (above diagonal) and genetic similarity (below diagonal among all the populations of rotundata and
apicalis.

population MR1 MR2 MR3 MR4 MR5 MR6 MR7 MA1 MA2 MA3 MA4 MA5 MA6 MA7

MR1 (Spain) .142 .121 .040 .115 .087 .096 .269 .289 .313 .328 .319 .312 .312

MR2 (Atwater) .864 .079 .104 .111 .095 .142 .303 .273 .322 .287 .316 .369 .309

MR3 (Palo Cedro) .884 .925 .110 .130 .107 .093 .256 .262 .303 .276 .304 .315 .309

MR4 (France) .963 .901 .893 .087 .059 .111 .263 .280 .321 .308 .309 .324 .285

MR5 (Canada) .890 .893 .874 .916 .064 .126 .290 .336 .375 .337 .371 .352 .337

MR6 (Lederer) .918 .907 .897 .943 .940 .098 .271 .302 .351 .322 .335 .331 .309

MR7 (Grenada) .909 .865 .911 .893 .880 .908 .259 .304 .324 .342 .330 .285 .324

MA1 (Lederer) .742 .709 .753 .747 .720 .739 .753 .121 .125 .137 .108 .097 .116

MA2 (Grenada) .714 .737 .745 .723 .673 .705 .703 .885 .064 .140 .079 .147 .138

MA3 (Willows II) .695 .693 .710 .688 .640 .662 .685 .882 .938 .162 .079 .125 .155

MA4 (Jones) .687 .726 .737 .706 .675 .691 .677 .873 .866 .845 .132 .168 .076

MA5 (Palo Cedro) .686 .694 .704 .695 .639 .673 .675 .897 .923 .922 .873 .110 .105

MA6 (Yreka) .700 .649 .702 .688 .666 .683 .729 .910 .856 .876 .838 .891 .144

MA7 (Peters) .697 .705 .703 .722 .677 .702 .687 .889 .865 .849 .926 .896 .859
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3. Estimates of gene flow level in the natural populations

Gene flow is an important consideration in this study especially since the

analyses show less differentiation among populations of M. rotundata than of M.

apicalis. Although there is no direct way to estimate the levels of gene flow, Slatkin

(1981,1985) has developed a method by which we can actually estimate Nm (the

average number of migrants exchanged between populations) from the spatial

distribution of rare alleles (alleles appearing in only one population).

This method is based on the relationship between p(1) (the average frequency

of private alleles) and Nm:

In(p(1)) = a In(Nm) + b

with a= -0.505 and b=-2.44 for sample size=25

To correct for differences in sample size, the average sample size is divided by 25,

and then the estimated Nm is multiplied by this ratio.

The Nm values for the New World populations of M. rotundata and M.

apicalis are presented in Table 10. The estimated gene flow values are very different

between the two species: 5.8066 in rotundata, and 1.9811 in apicalis. This indicates

that rotundata has a much higher level of gene flow among populations hundreds or

even thousands of miles apart than populations of apicalis, which may be separated by

a few as several miles.

4. Wagner dendrogram analysis

A Wagner dendrogram was derived to see if relationships could be shown to

exist among populations of rotundata and/or apicalis. The data used were those of

Wright's Prevosti distance coefficient of 23 genetic loci (Figure 37).

The tree was arbitrarily rooted to a hypothetical ancestor. Two primary

branches are evident, separating the seven rotundata populations from the eight
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Table 10. Estimate of Nm based on rare alleles in M. rotundata and M. apicalis

Species No. of Ave. No. of
pop'ns sample size rare allele p(1) Nm(est)

M. rotundata 5 24.8 1 0.036 5.8066

M. apicalis 7 24.0 6 0.063 1.9811
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apicalis populations. The unique allele, Pgm-1A that was present in apicalis was not

shared with rotundata, whereas the high frequency allele, Pgm-2A (frequencies ranged

from 0.964 to 1.00 among 7 populations of rotundata) was not present in most

apicalis populations. Secondary and tertiary genetic distance-based relationships can

be recognized with in each of the two species bifurcations. The dendrogram confirms

the obvious: the populations from Yreka, Jones and Peters are close to those of

Lederer, the populations from which they were selected; the Grenada population was

derived from Willows II; and the Willows II and Palo Cedro arm includes the two

near-adjacent, naturally dispersed populations at the northern end of the Sacramento

Valley. The Los Banos population is the most isolated of all apicalis populations

studied.

In an attempt to show the origin of populations of M. apicalis from the genetic

distance data, a map of the possible dispersal route in California is provided (Figure

38) and based on the Wagner tree (Figure 37) and genetic distance values (Table 9).

All of the populations from the northern part of the Sacramento valley fall into a

single cluster, well separated from that of Los Banos, believed to be one of the oldest

of the California populations. The Los Banos population has three nonmorphic loci:

Pgm-2; G3pdh and Mdh-1 (Appendix II) which are polymorphic in all other

populations. There are two possible explanations for differences of this magnitude

over this relatively short geographical distance. One is that dispersal proceeded up

the interior valleys to the north, and that the genetic differences are the result of

chance distributions of the disrupted genome of the original founders subjected to

additional bottlenecks (Appendix III); or that dispersal occurred along the Coastal

Range to the north, with phenotypes independently penetrating the interior valleys

from this habitat. A specimen of apicalis was taken from the coastal Bodega Bay,

which tends to support the latter premise.
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PART 2 CHROMOSOMES

I. Karyotypes of Megachile rotundata and M. apicalis

All individuals analyzed displayed a diploid chromosome number of 2n = 32

in the brain tissue cells of prepupae. This is in agreement with data from ovarioles of

Megachile rotundata by Klostermeyer and Soo Hoo (1968). The karyotypic analysis

was based on conventionally stained, and on G- or C-banded chromosomes.

Individual chromosomes were compared on a side by side basis. The total length of

the chromosome (c), the length of the long arm (1), and short arm (s) were measured.

The difference between long and short arms, d =1 -s; the ratio between the arms,

r=1/s; and the centromeric index, i=100s/c =100/(r+1) suggested by Levan (1964)

were calculated to reveal the size of chromosomes and the position of the centromeres

(Table 11-20). The C-bands which demonstrate the presence of constitutive

heterochromatin were located pericentromerically, interstitially, or terminally in our

study. The G-bands which reflect euchromatic bands were present along the entire

length of each chromosome, unstained in the centromeric region of each chromosome.

However, in the leafcutting bees studied, the C-banding was very difficult to obtain,

either because of the small size of chromosomes or because the chromosomes have

little heterochromatin. On the other hand, the G-banding differs from that of other

organisms in that the positively stained euchromatin appeared in blocks rather than

bands on the chromosomes. Information from the conventional and band staining

methods permitted the identification of individual chromosomes and the direct

comparison among different karyotypes.
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1. Karyotype I

The conventional and G-banded karyotypes are represented in Figures 39 and

40, respectively. The diploid karyotype I (Table 11) consisted of one pair of large

submetacentrics (Figure 39, pair 1) with a centromere index of 30.8; 10 pairs of

metacentrics (Figure 39, pairs 2-11) showing gradual differences in size, long dark

stained euchromatin (shown by G-band) occupying the long arm (Figure 40, pairs 2-

11); a pair of metacentrics which had shorter dark stained arms (Figure 40, pair 12);

and four pairs of M (median point centromere) chromosomes with a centromere index

of 1.0 (Figure 39, pairs 13-16). A schematic diagram is shown in Figure 40a.

Because karyotype I was present in all populations of M. rotundata and M apicalis,

we assumed this karyotype I to be primitive (see discussion) and classified its median

point centromeric chromosomes (pairs 13-16) as type A (abbreviated as A/A for

homologue) chromosome.

2. Karyotype II

The karyotype II (Table 12) differed from I only in the presence of pair 16

subtelocentrics instead of median point chromosomes (Figure 41, pair 16). G-

banding (Figure 42, 42a, pairs 15, 16) revealed that the difference was caused by a

centromere shift, probably due to a pericentric inversion (see discussion). This

variant type was denoted type B.

3. Karyotype III

The main feature of this karyotype (Table 13) was the presence of two pairs of

type B chromosomes (Figures 43, pairs 15, 16). Their G-band is shown in Figure 44,

where type B (pairs 15, 16) had a G-banded cap on the short arm and a small dark

stained block at the proximal region of the long arm.



103

TABLE 11. Karyotype I. Difference between long arm and short arm (d), arm ratio

(r) and centromeric index (i), as related to the present nomenclaturea.

Chromosome

(n) d r i

Nomen-

clatureb

1 3.84 2.25 30.8 sm

2 0.76 1.16 46.3 m

3 0.76 1.16 46.3 m

4 1.66 1.40 41.07 m

5 1.66 1.40 41.07 m

6 1.66 1.40 41.07 m

7 2.0 1.50 40.0 m

8 2.0 1.50 40.0 m

9 2.0 1.50 40.0 m

10 2.0 1.50 40.0 m

11 2.0 1.50 40.0 m

12 0.76 1.16 46.3 m*

13 0.0 1.0 50.0 M

14 0.0 1.0 50.0 M

15 0.0 1.0 50.0 M

16 0.0 1.0 50.0 M

a Assuming that a chromosome consists of 10 arbitary units.

b Centrimere location:

sm (submedian region), m (median region), M (median point).

st (subterminal region), T (terminal point).

* With shorter dark stained arm, see text.
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Figure 39. Conventional karyotype I in both M. rotundata

and apicalis. Pairs 13-16 are metacentrics.
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Figure 40. G-banded karyotype I. Arrows indicate

unstained centromeres.
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1 2 12 13-16

...

Figure 40a. Schematic representation of G-banded

chromosomes 1, 2, 12, and 13-16. Dark regions are

euchromatin. Arrows point to unstained centromeres.

Arabic number is chromosome number.
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TABLE 12. Karyotype II. Difference between long arm and short arm (d), arm ratio

(r) and centromeric index (i), as related to the present nomenclaturea.

Chromosome

(n) d r i

Nomen-

clatureb

1 2.72 1.75 36.36 sm

2 3.34 2.0 33.3 sm

3 5.0 3.0 25.0 sm

4 0.92 1.20 45.5 m

5 2.0 1.50 40.0 m

6 2.0 1.50 40.0 m

7 2.0 1.50 40.0 m

8 1.12 1.25 44.44 m

9 2.49 1.67 37.5 m

10 2.49 1.67 37.5 m

11 2.49 1.67 37.5 m

12 2.49 1.67 37.5 m

13 0.0 1.0 50.0 M

14 0.0 1.0 50.0 M

15 0.0 1.0 50.0 M

16 6.0 4.0 20.0 st

a Assuming that a chromosome consists of 10 arbitary units.

b Centrimere location:

sm (submedian region), m (median region), M (median point).

st (subterminal region), T (terminal point).

* With shorter dark stained arm, see text.
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Figure 41. Conventional karyotype II in both M. rotundata

and apicalis. Pair 16 has an alternated arm ratio.
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F

Figure 42a. Schematic representation of possible

pericentric inversion. Dark regions are euchromatin.

Arrows indicate unstained centromeres.
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TABLE 13. Karyotype III. Difference between long arm and short arm (d), arm ratio

(r) and centromeric index (i), as related to the present nomenclaturea.

Chromosome

(n) d r i

Nomen-

clatureb

1 3.35 2.0 33.3 sm

2 0.66 1.14 46.7 m

3 1.42 1.33 42.92 m

4 0.76 1.16 46.3 m

5 1.66 1.40 41.07 m

6 1.16 1.26 44.2 m

7 0.90 1.20 45.45 m

8 0.90 1.20 45.45 m

9 1.12 1.25 44.40 m

10 1.12 1.25 44.40 m

11 1.12 1.25 44.40 m

12 0.90 1.20 45.45 m*

13 0.0 1.0 50.0 M

14 0.0 1.0 50.0 M

15 4.28 2.5 28.57 sm*

16 4.28 2.5 28.57 sm*

a Assuming that a chromosome consists of 10 arbitary units.

b Centrimere location:

sm (submedian region), m (median region), M (median point).

st (subterminal region), T (terminal point).

* With shorter dark stained arm, see text.
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Figure 44. G-banded karyotype III. Pairs 15, 16

have very short arms (arrows).
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4. Karyotype IV

There was (Table 14) one pair of homomorphic B type chromosomes (Figure

45, pair 16) (abbreviated as B/B), and a heteromorphic pair (Figure 45 pair 15) which

was assumed to be A/B variant.

5. Karyotype V

This karyotype (Table 15) was characterized by a pair of type B chromosomes

(Figure 46, pair 16) and the occurrence of another type of variant, pair 15, having

telocentric chromosomes with centromeric index of 0.0. We denoted them as type C

(Figure 46, pair 15). The C-banding indicated that the type C had a small

heterochromatin block on the tip of the long arm (Figure 47, 47a, pair 15). Large

segment of chromosome 15 was absent (Figure 47, 48), probably due to the

successive interstitial deletion occurring in the short arm of the chromosome (see

discussion).

6. Karyotype VI

One heteromorphic pair 16 was present (Table 16; Figure 49, pair 16). The C-

banding (Figure 50) and G-banding (Figure 51) revealed that this variant consists of B

and C type chromosome, therefore to be assumed as B/C variants.

7. Karyotype VII

The conventional (Table 17; Figure 52) and G-banded (Figure 53) karyotypes

showed there were homomorphic type C chromosomes at pair 16 (abbreviated as

C/C).
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TABLE 14. Karyotype IV. Difference between long arm and short arm (d), arm ratio

(r) and centromeric index (i), as related to the present nomenclaturea.

Chromosome

(n) d r i

Nomen-

clatureb

1 3.84 2.25 30.8 sm

2 2.06 1.50 40.0 m

3 1.12 1.25 44.44 m

4 1.12 1.25 44.44 m

5 1.12 1.25 44.44 m

6 2.50 1.67 37.5 m

7 2.50 1.67 37.5 m

8 1.12 1.25 44.44 m

9 1.42 1.33 42.9 m

10 0.9 1.20 45.45 m*

11 2.2 1.50 40.0 m

12 1.12 1.25 44.44 m*

13 0.0 1.0 50.0 M

14 0.0 1.0 50.0 M

15A 0.0 1.0 50.0 M

15B 4.28 2.50 28.6 sm*

16 3.34 2.0 33.33 sm*

a Assuming that a chromosome consists of 10 arbitary units.
b Centrimere location:

sm (submedian region), m (median region), M (median point).
st (subterminal region), T (terminal point).

* With shorter dark stained arm, see text.
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Figure 45. Conventional karyotype IV in M. apicalis.

Pair 15 is heteromorphic probably for pericentric

inversion. Arrows indicate the shift of centromeres.
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TABLE 15. Karyotype V. Difference between long arm and short arm (d), arm ratio

(r) and centromeric index (i), as related to the present nomenclaturea.

Chromosome

(n) d r i

Nomen-

clatureb

1 4.54 2.67 27.3 sm

2 2.72 1.75 36.4 sm

3 3.34 2.0 33.3 sm

4 3.34 2.0 33.3 sm

5 2.30 1.60 38.5 m

6 1.67 1.40 41.7 m

7 0.90 1.20 45.5 m

8 2.0 1.50 40.0 m

9 2.0 1.50 40.0 m

10 2.0 1.50 40.0 m

11 1.12 1.25 44.4 m

12 1.12 1.25 44.4 m

13 2.50 1.67 37.5 m

14 1.42 1.33 42.9 m

15 10.0 N 0.0 T

16 4.28 2.50 28.6 sm

a Assuming that a chromosome consists of 10 arbitary units.

b Centrimere location:

sm (submedian region), m (median region), M (median point).

st (subterminal region), T (terminal point).

* With shorter dark stainded arm, see text.
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Figure 46. Conventional karyotype V in both M. rotundata

and M. apicalis. Homologues of pair 15 and pair 16 are

telocentrics and submetocentrics, respectively.
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Figure 47a. Schematic representation of C-banded

chromosomes. Arrows point to the dark stained

regions of heterochromatin. Arabic number is

chromosome number.
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Figure 48. G-banded karyotype V. Arrow indicates the

unstained centromere position.



122

TABLE 16. Karyotype VI. Difference between long arm and short arm (d), arm ratio

(r) and centromeric index (i), as related to the present nomenclaturea.

Chromosome

(n) d r i

Nomen-

clatureb

1 3.84 2.25 30.8 sm

2 0.58 1.12 47.1 m

3 2.5 1.67 37.5 m

4 2.0 1.50 40.0 m

5 0.66 1.14 46.7 m

6 0.66 1.14 46.7 m

7 1.42 1.33 42.9 m

8 1.42 1.33 42.9 m

9 0.76 1.16 46.2 m

10 0.76 1.16 46.2 m

11 1.66 1.40 41.7 m

12 0.76 1.16 46.3 m*

13 0.0 1.0 50.0 M

14 0.0 1.0 50.0 M

15 0.0 1.0 50.0 M

16A 10.0 Si 0.0 T

16B 2.25 2.25 30.8 sm*

a Assuming that a chromosome consists of 10 arbitary units.
b Centrimere location:

sm (submedian region), m (median region), M (median point).
st (subterminal region), T (terminal point).

* With shorter dark stained arm, see text.
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Figure 49. Conventional karyotype VI in M. rotundata

(indentical in M. apicalis). Pair 16 is heteromorphic.

Arrows indicate the centromere position.
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Figure 50. C-banded karyotype VI.
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Figure 51. G-banded karyotype VI.



TABLE 17. Karyotype VII. Difference between long arm and short arm (d), arm

ratio (r) and centromeric index (i), as related to the present nomenclaturea.

Chromosome

(n) d r i

Nomen-

clatureb

1 4.54 2.66 27.3 sm

2 3.34 1.99 33.3 sm

3 2.30 1.59 38.6 m

4 2.30 1.59 38.6 m

5 1.66 1.40 41.07 m

6 1.66 1.40 41.07 m

7 2.0 1.50 40.0 m

8 2.0 1.50 40.0 m

9 2.0 1.50 40.0 m

10 2.0 1.50 40.0 m

11 2.0 1.50 40.0 m

12 1.12 1.25 44.4 m

13 0.0 1.0 50.0 M
14 0.0 1.0 50.0 M
15 0.0 1.0 50.0 M
16 10.0 SI 0.0 T

a Assuming that a chromosome consists of 10 arbitary units.

b Centrimere location:

sm (submedian region), m (median region), M (median point).

st (subterminal region), T (terminal point).

* With shorter dark stained arm, see text.
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Figure 52. Conventional karyotype VII in both M. rotundata

and M. apicalis. Homologues of pair 16 are telocentrics.
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Figure 53. G-banded karyotype VII. Arrow indicates

the centromere position.
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8. Karyotype VIII

Unique G-band polymorphisms of chromosome pairs 13, 14, and 16 were

found (Table 18; Figure 54). Pairs 13 and 14 were denoted as D, and appeared to be

similar to the type A chromosomes (Figure 54, 54a, pair 12) but with a shortened tip

of dark stained arm. Pair 16 was designated as an E type which is telocentric and

resembles the C type (Figure 54, 54a, pair 15) in appearance but has a shortage of

dark stained band linking to centromere (Figure 54, 54a, pair 16). We believe that a

series of pericentric inversions and eliminations were probably involved (detail to see

discussion). All of these variants were homomorphic in this karyotype: A/A (pair

12); D/D (pair 13, 14); C/C (pair 15) and E/E (pair 16) were observed.

9. Karyotype IX

Three D type homomorphic chromosomes were found in the

karyotype IX (Table 19, Figure 55, pairs 14, 15, 16). The G-banded karyotype is

shown in Figure 56.

10. Karyotype X

Except for pairs 1 and 2, the metacentrics, all pairs (Figure 57, pairs 3-16)

were submetacentric D type chromosomes with shortened arms, the centromeric index

range from 28.6 to 33.3 (Table 20). This karyotype is very rare in populations of M.

apicalis and M. rotundata. Among total of 610 individuals examined, it was found

only once in Peters population of M. apicalis.

II. The distribution of polymorphisms in M. rotundata and M. apicalis.

1. Chromosomal polymorphism



TABLE 18. Karyotype VIII. Difference between long arm and short arm (d), arm

ratio (r) and centromeric index (i), as related to the present nomenclaturea.

Chromosome

(n) d r i

Nomen-

clatureb

1 3.75 2.20 31.30 sm

2 3.75 2.20 31.30 sm

3 4.66 2.75 36.40 sm

4 4.28 2.50 28.60 sm

5 2.86 1.80 35.7 sm

6 3.74 2.18 31.4 sm

7 3.34 2.0 33.3 sm

8 5.80 1.12 47.2 m

9 1.66 1.40 4107 m

10 2.72 1.74 36.5 m

11 2.0 1.50 40.0 m

12 0.0 1.0 50.0 M

13 0.14 1.33 42.9 m*

14 0.14 1.33 42.9 m*

15 10.0 N 0.0 T

16 10.0 N 0.0 T

a Assuming that a chromosome consists of 10 arbitary units.

b Centrimere location:

sm (submedian region), m (median region), M (median point).

st (subterminal region), T (terminal point).

* With shorter dark stained arm, see text.
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12 13-14 15 16

Figure 54a. Schematic representation of chromosomes

12-16. Arrows indicate positions of centromere.

Dark stained blocks are G-bands.
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TABLE 19. Karyotype IX. Difference between long arm and short arm (d), arm ratio

(r) and centromeric index (i), as related to the present nomenclaturea.

Chromosome

(n) d r i

Nomen-

clatureb

1 1.42 1.21 45.25 m

2 1.66 1.40 41.7 m

3 1.66 1.40 41.7 m

4 0.90 1.20 45.5 m

5 0.90 1.20 45.5 m

6 0.90 1.20 45.5 m

7 0.90 1.20 45.5 m

8 1.12 1.25 45.5 m

9 1.12 1.25 45.5 m

10 1.12 1.25 45.5 m

11 1.12 1.25 45.5 m

12 2.0 1.50 40.0 m*

13 0.0 1.0 50.0 M

14 4.28 2.50 28.6 sm*

15 4.28 2.50 28.6 sm*

16 4.28 2.50 28.6 sm*

a Assuming that a chromosome consists of 10 arbitary units.

b Centrimere location:
sm (submedian region), m (median region), M (median point).

st (subterminal region), T (terminal point).

* With shorter dark stained arm, see text.



134

11 113 It 131r It 171 1t

fir it 11 is al Is
io 11 tit is 44

Figure 55. Convertional karyotype IX in both M. rotundata

and M. apicalis. Pair 14, 15, 16 have alternated arm ratio.



135

It If ft Jp tf
1 2 3 4 5 6 7 8

ft if If ? *la

9 10 11 12 13 14 15 16

D/D DID DID

Figure 56. G-banded karyotype IX. Arrows indicate

centromere position.



136

TABLE 20. Karyotype X. Difference between long arm and short arm (d), arm ratio

(r) and centromeric index (i), as related to the present nomenclaturea.

Chromosome

(n) d r i

Nomen-

clatureb

1 2.30 1.60 38.5 m

2 2.30 1.60 38.5 m*

3 3.34 2.0 33.3 sm*

4 2.72 1.77 36.1 sm*

5 2.72 1.77 36.1 sm*

6 3.34 2.0 33.3 sm*

7 3.34 2.0 33.3 sm*

8 3.34 2.0 33.3 sm*

9 3.34 2.0 33.3 sm*

10 4.28 2.50 28.6 sm*

11 3.34 2.0 33.3 sm*

12 5.0 3.0 25.0 sm*

13 4.28 2.5 28.6 sm*

14 4.28 2.5 28.6 sm*

15 4.28 2.5 28.6 sm*

16 4.28 2.5 28.6 sm*

a Assuming that a chromosome consists of 10 arbitary units.

b Centrimere location:

sm (submedian region), m (median region), M (median point).

st (subterminal region), T (terminal point).

* With shorter dark stained arm, see text.
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Figure 57. Convertional karyotype X in Peters population

of M. apicalis. Note the submetocentric morphology of all

but pair 1 and 2.
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The majority of karyotypes in all populations of both species analyzed in this

study carry sm, M and m chromosomes. Because of its frequency we consider this

karyotype as basic and refer to it as Karyotype I, its M chromosomes as A type

chromosomes. However, the populations analyzed are polymorphic for pericentric

inversions and interstitial deletions which may have caused a shift of the centromere,

or a reduction in the length of the arm. We refer to these chromosomes as B type, C

type, D type and E type, belonging to different karyotypes II-IX. A unique variation

was observed in which all chromosomes were subjected to the deletion of a partion of

the arms (with the exception of two pairs of metacentrics), and the corresponding

reduction in size of the chromosomes. This variant is referred to be Karyotype X.

2. Frequency analysis

A. Karyotype system

The degree of chromosomal polymorphism varies from one population to

another and from one species to another, producing a large variation in karyotypes.

The distribution of the polymorphic karyotypes in the populations analyzed are

summarized in Table 21 and a visual presentation of these frequencies is given in

Figure 58-59. An attempt is made to show the origin of populations of M. apicalis in

the New World and to associate with the distributional map shown in Figure 38.

Karyotype I is most common in all populations of rotundata and apicalis

occurring in 40% or more of all specimens. However it is absent from Spain

population of rotundata, which may be the result of the small sample size (n=9).

Karyotype II exists in most of the populations of rotundata and apicalis and

exhibits a cline in order of descending frequency in apicalis. The frequency of

karyotype II is higher in Los Banos (24%), Lederer (24%), Willows II (25%), and



139

Table 21. Distribution of polymorphic karyotypes in rotundata and apicalis.

Population

Karyotype Total of

individuals

tested
I II III IV V VI VII VIII IX X

rotundata

Canada 21 5 11 4 41

France 17 6 4 1 1 29

Atwater 31 21 2 11 8 73

Spain 6 3 9

apicalis

Palo Cedro 21 17 2 12 5 57

Willows II 24 12 8 4 48

Peters 35 5 2 1 8 5 18 2 1 77

Willows I 30 3 15 48

Lederer 35 13 3 2 1 54

Yreka 43 1 3 3 24 3 77

Jones 8 4 2 5 3 22

Los Banos 18 8 2 1 2 1 1 33

Grenada 25 5 1 1 10 42
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Palo Cedro (30%), decreasing in all selected populations: to 18% in Jones, to 12% in

Grenada, then further decreasing to 6% in Peters, to 1% in Yreka. This karyotype is

absent in Willows.

Karyotype III is present at low frequencies in several populations of apicalis:

Willows I, Palo Cedro, Peters, Jones, and Yreka.

Karyotypes IV and X also are rare karyotypes of apicalis; the former is

present in Los Banos and Peters of apicalis, and the latter is unique to Peters.

Karyotype V is absent or has low frequency (2-6%) in several populations of

apicalis and Awater rotundata, but is not uncommon in France (14%), in Jones

(23%), Peters (11%), and Willows II (17%).

Karyotype VI exists in almost all the populations of rotundata and apicalis

with variable frequencies. Its frequencies vary from population to population, the

highest occurring in Yreka (30%); the lowest in Grenada (2%).

Karyotype VII shows a dine from south to north in apicalis with an increasing

frequency, 2-9% in populations Lederer, Los Banos and Palo Cedro, increasing to

14% in Jones and 23% in Peters.

Karyotype VIII is a unique karyotype. It was observed only in Spanish

populations of rotundata at a frequency of 62%.

Karyotype IX is another rare karyotype. It occurred only in two Old World

populations of rotundata: 3% in France and 33% in Spain. In apicalis, this

karyotype was observed only in Peters and Los Banos populations with very low

frequency (3% respectively). These are two of the most widely disjunct populations

of apicalis used in the study.

Summing up: The 9 populations of apicalis and 4 populations of rotundata are

highly polymorphic especially at the four chromosome pairs (nos 13-16). Karyotype I

composed of four median point chromosome pairs is common and has high relative
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frequency in all populations of rotundata and apicalis. The relative frequencies of

other polymorphic karyotypes vary greatly from one population to another.

Karyotypes X and VIII, they are unique to Peter (apicalis) and Spain (rotundata)

respectively.

B. Named chromosomal type system

In order to understand the complex karyotype systems more clearly, we

arbitrarily applied a named A, B, C, D, and E chromosomal type system for last 4

pairs of chromosomes (13-16). The frequencies of these named chromosome types in

610 individuals of 13 populations of rotundata and apicalis are cited in Table 22.

Except for Spain, all populations of both species had a high relative

frequencies of A type chromosome, low frequencies of B type chromosome, and still

lower frequencies of C. D type chromosome was only present in Peters and Los

Banos of apicalis, and in two Old World populations of rotundata, France and Spain

(very common). The very high frequency of D type chromosomes, the existing of

unique E type, low frequencies of A and C type, and the lack of B type chromosome,

suggests the Spain population to be unique.
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TABLE 22. Frequencies of named chromomsome type on chromosome pairs 13-16 in

610 individuals of the 13 populations of M. rotundata and apicalis.

Population A B C D E

M. rotundata

France 0.844 0.091 0.039 0.026

Canada 0.870 0.064 0.058

Spain 0.075 0.175 0.575 0.175

Atwater 0.849 0.098 0.053

M. apicalis

Palo Cedro 0.833 0.118 0.049

Willows II 0.833 0.115 0.052

Peters 0.807 0.068 0.093 0.032

Willows 0.895 0.063 0.042

Ledever 0.898 0.079 0.023

Yreka 0.870 0.071 0.058

Jones 0.761 0.148 0.091

Los Banos 0.856 0.098 0.023 0.023

Grenada 0.893 0.039 0.068
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I. Karyotypeic diversification
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Chromosomes can change in two basic ways, by altering either their structure

or their number. Inversions and deletions (or deficiencies) are generally believed to

play an important role in the changes in chromosome structure and in evolution by

inducing differences among individuals of a given species. Pericentric inversions

alter the sequence of genes which contain the centromere (Figure 60), whereas

deletions result in a loss of a portions of the chromosomes (Figure 61). Both forms of

chromosome rearrangement were probably involved in the karyotype evolution of M.

rotundata and M. apicalis.

Because it is universal in all populations of rotundata and apicalis, we

hypothesized Karyotype I (2K =2sm+16m+4M) to be primitive (common equals

primitive theory of Estabrook, 1977). The primitive karyotype has been modified

considerably, and variant karyotypes were derived during the course of evolution. In

an attempt to account for the karyotype patterns observed in this study we propose the

following pathways. We assume that the progenitor of polymorphisms was the A

type chromosome having a metacentric centromere and a totally dark stained arm in

primitive karyotype I (Figure 62, A and mosaic Figure 63, A). If a pericentric

inversion were to occur in this chromosome, it would produce a shortened dark

stained block on the short arm, and a dark block at the proximal region of the long

arm as seen in the B type submetacentric chromosome (Figure 62, B and mosaic

Figure 63, B). This mechanism resulted in shift of centrometric position, but did not

change chromosome size.
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Another plausible mechanism of a chromosome alternation was assumed to be

a general process of changing chromosome size by deletion. If as a consequence of

an interstitial deletion in B type chromosome, the large dark stained intercalary

segment was eliminated, a C type telocentric chromosome polymorphism could be

generated (Figure 62, 63, C). We also assumed that telomeric section was retained at

the very tip of each arm of the chromosomes studied; all the intercalary deletions did

not include loss of the telomeres because of its unique function in preventing adhesion

between chromosome ends (Muller 1938), and the apparent absence of telomeres in

some terminal deletions result in death (Lima-de-faria 1983). A further interstitial

deletion could occur in the proximal dark stained region of the long arm in the C type

chromosome, resulting in the formation of an E type telocentric chromosome (Figure

62, 63, E). If an interstitial deletion occurred in the dark stained arms of A type

chromosome, the D type submetacentric chromosome would be generated (Figure 62,

63, D).

II. Levels of genetic heterozygosity in Hymenoptera

1. Levels of heterozygosity

Electrophoresis has been extensively used for the study of isozyme

polymorphism in many different organisms. A great number of polymorphic loci has

been detected in different animals throughout the animal kingdom. However based on

isozyme data, a consensus has arisen on the relatively low levels of intraspecific

genetic variability in the Hymenoptera (Snyder, 1974; Metcalf et al, 1975; Pamilo et

al, 1978; Lester and Selander, 1979; Ward, 1980; Pamilo and Crozier, 1981).

Berkelhammer's review (1983) and subsequent papers of Graur (1985), Owen (1985),

and Reeve et al. (1985) provided estimates of genetic variability based on
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electrophoretic data reported in the literature. They concluded that the Hymenoptera

are genetically less variable than most, if not all, other groups of insects.

In the present study, the chromosome karyotypes and banding in 4 populations

of rotundata and 9 populations of apicalis revealed a considerable amount of

polymorphism in these two species. However, the data from cellulose acetate

electrophoresis of the products of 23 loci in each of 14 populations of rotundata and

apicalis were even more significant. Our results show that there is no apparent

difference in the level of heterozygosity between the haplodiploid leaf-cutting bees

and other reported diploid insects (Figure 64). This contrasts sharply with many

earlier studies on genetic heterozygosity in the Hymenoptera.

2. Explanations concerning the levels of intraspecific genetic variability in

Hymenoptera.

It is generally held that haplodiploid organisms have reduced genetic

variability relative to diploid organisms. The selection theory (Bruckner, 1974)

proposed that in haplodiploid systems such as in bees and wasps, where unfertilized

eggs develop into haploid males, all genes are subject to direct selection in the males

which leads to a reduction in variability. The neutral theory hypothesizes that lower

levels of heterozygosity in haplodiploid species are due to a variety of factors

associated with a smaller effective population size, Ne(haplodiploid) = 3/4

Ne(diploid) (Lester and Selander, 1979), which leads to an increase in the probability

of allelic fixation. Therefore, according to both the selection and neutral theory, one

may consider that one of the advantages of polymorphism, namely the heterotic

effect, is lost for part of the haplodiploid population because there is no opportunity

for crossing over or chromosomes segregation in males.
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Data providing direct support for these theories are lacking (Sheppard and Berlocher,

1984), other than references to isozymic studies which have been interpreted as

showing lower levels of variability. Ward (1980) estimated the mean heterozygosity

of 53 species of Hymenoptera, 40 species of Drosophila, and 17 species of other

insects. The Hymenoptera included in his study had low estimated mean

heterozygosity, varying from 0.00 to 0.072, mean =0.036 ± 0.029SD. The diploid

insects included in his study showed a wide range of heterozygosity values from 0.00

to 0.31, mean =0.112+0.089SD, and tended to have clumped distribution. These

data suggested to Ward that heterozygosity levels may be characteristic of particular

taxa, i.e. the mean heterozygosity for all orthopteroids (diploid organisms) was

0.038+0.047SD, not significantly different from that of Hymenoptera. Ward

considered the evidence correlating haplodiploidy with reduced genetic variability to

be rather weak. Graur (1985) reevaluated the data on 188 prior reported species and

found that solitary hymenopterans do not differ significantly from Heteroptera in

heterozygosity, concluding that haplodiploidy per se has probably only a very minor

effect on gene diversity. Sheppard and Heydon (1986) found a high level of enzyme

polymorphism in single populations of three hymenopteran species (Euura n. sp. and

Euura s-nodus, Tenthredinidae; Schizocerella pilicornis, Argidae) with the proportion

of loci polymorphic from 0.38 to 0.47, and a mean expected heterozygosity of 0.124-

0.167. This was the first record of a level of enzyme gene variability in the

Hymenoptera consistent with that of diploid insect.

In principle, the male-haploid means that its germline nuclei contain half the

number of chromosomes present in the corresponding diploid nuclei of the female.

However, in insects most of the somatic tissues shows a high degree of

endopolyploidy (White, 1973). Since 1954, many scientists attempted to answer the

question as to whether the final degree of endopolyploidy is the same in the male and
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female nuclei. Merriam and Ris (1954) concluded that "male tissues have about the

same chromosome numbers as comparable female tissues; that during growth, nuclei

of the male undergo compensatory endomitosis so that in the adult the DNA is usually

about the same as in the females". However the situation is not simple. In different

tissues, varied levels of endopolyploidy exist in males and females. Males may even

obtain higher level of endopolyploidy than females (O'Brien, 1956; Risler and

Kempter, 1962). Thoday (in discussion on White 1964) suggested that in Drosophila

dosage compensation is required because there is one set of X genes and two sets of

autosomal genes in the males, but two sets of each in the females. Stern (1960)

pointed out that, in Hymenoptera, the male attains the same degree of ploidy as the

female, which would be equivalent to dosage compensation.

We suggest that brain tissues of both males and females in leaf-cutter bees are

diploid. The brain tissues of all 610 individuals examined showed the majority of

nuclei were diploid, 2n=32 (some higher level of endopolyploidy was also involved,

e.g. tetraploid was observed in some individuals). Although we were not able to

distinguish between male and female prepupae, we estimate that at least half of the

610 individuals were males. This was based on adult emergence data in which the

ratio of males and females was 1:1. Furthermore, the polymorphism for

chromosomal rearrangements such as inversions and deletion, which is so important

in understanding the genetic polymorphism in natural populations, were observed in

all of the haplodiploid leaf-cutter bee populations.

Most of the genetic variability data reported are based on allozymes.

However, it is difficult to tell from the literature, the extent to which males have been

utilized in analysis and heterozygosity computations. Most authors employed only

queens or workers as test materials, and thus their estimated heterozygosity is based

on females. Only Pamilo et al (1978) consided male haploidy and females diploidy in
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their calculation and found that no male heterozygosity occurred in 15 hymenopteran

species studied. We attempted to examine this question through two sets of data. The

first, came from 7 populations of apicalis surveyed (Appendix IV), in which we

randomly selected cells from each population shown to have a sex ratio of 1:1. The

second data set was obtained from 5 apicalis families (Appendix V), each with a sex

ratio of 1:1 and each family descended from a single mother. The results of allozyme

electrophoresis revealed that the differences in allele frequencies and genetic

variability between males and females were not significant(Appendix IV). In fact the

number of alleles per locus, percent polymorphism and the unbiased heterozygosity

was almost identical among males and females of the 5 apicalis families (Appendix

V). The appearance of heterozygotes infers a diploid nature to the thoracic tissue of

the males much as that of the females (Figure 65). Although endoploidy may have

occurred in male thoracic tissue, that process would only have resulted in replication

of a haploid genome. Thus only the one allele would be expressed at a given locus

and isozymic heterozygosity should not exist. We have no explanation for the

obvious contradiction of analytical data with the genetic process common to

haplodiploidy. Our cytological data show a high level of chromosomal polymorphism

in brain tissue of both male and female prepupae, which like the isozyme

polymorphism, defies explanation in a haplodiploid organism.

There may be some other explanations concerning the levels of intraspecific

genetic variability in Megachile. An extrinsic factor may be the environmental

heterogeneity. It has been argued that the more homogeneous an environment, the

smaller the store of genetic variation maintained (Lewontin, 1974; Battaglia, 1965;

Powell, 1971). Little was known about the relations between genetic and

environmental variability. Considering eusocial and solitary species, the conditions in

the nests of eusocial Hymenoptera are regulated so that variation of temperature and
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humidity is lower than outside the nests (Hasse lrot, 1960; Michener, 1974).

Therefore, a lower level of heterozygosity may be expected to occur in eusocial than

in solitary species. In fact Pamilo (1978) and Graur (1985) detected a small

difference between eusocial and solitary hymenopterans, the latter showing greater

variability. However, in our study, a level of heterozygosity comparable to that of

other diploid insects is demonstrated. Since we propose that the American

populations studied are derived from founder populations, we suggest that in addition

to the environmental heterogeneity much of the heterozygosity is a reflection of the

founder event itself.

III. Population differentiation and genetic variation

1. Different levels of genetic differentiation in M. rotundata and M. apicalis

The distribution of M. rotundata and M. apicalis has been described in the

Introduction. The California populations of both species originated in the Old World.

The Canadian population of rotundata was derived from Oregon and Idaho. The

French and Spanish populations of rotundata are endemic populations of the widely

distributed species. Unfortunately, we were not able to obtain any native population

of apicalis from Europe because it is rare. The males of the two species are

morphologically almost identical except for the foveae presenting on 3th abdominal

tergum of the adult in M. apicalis. M. rotundata is widely distributed across North

America and M. apicalis is common in, but restricted to, California.

In view of these similarities, one would expect to find similar levels of genetic

variation within and between populations of the two species. Actually, our studies

have exhibited that American populations of two species do not differ in their pattern

of variation for chromosomal polymorphism, and also have comparable levels of
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mean allelic number at a locus, the mean number of variable loci, and the mean

heterozygosity which are consistent with expectation. However, M. rotundata shows

relatively less between-population differentiation than does M. apicalis by Fst value.

The mean Fst estimated for apicalis is 0.142, for rotundata is 0.097. These data

infer that New World rotundata has undergone relatively less genetic differentiation

than has New World apicalis or has undergone post-founder stabilization.

Gene flow may explain the differing amount of population differentiation.

Wright's (1969) isolation by distance model predicts that all other things being equal,

species with less gene flow between populations would show more geographic

differentiation. Therefore populations that are closer geographically should have

greater gene interchange and be more similar than populations that are "isolated by

distance". The analysis of the two leaf-cutting bee species shows that, based on the

distribution of rare alleles, Nm =1.9811 vs. 5.8066, M. apicalis has only a fraction of

the interpopulation gene flow of that in M. rotundata. Obviously, gene flow is one of

the most important factors influencing different levels of genetic differentiation in M.

rotundata and apicalis. Less gene flow in apicalis cause more population

differentiation. However, the fact that genetic distance over all loci is not

significantly correlated with geographic distance between the populations in either

rotundata or apicalis suggests the higher amount of gene flow is not due to the

geographic distance between populations in M. rotundata.

In any endemic species with a widespread distribution, we would expect to

find a clinal change in genetic differentiation as a function of the distance by which

the populations are separated. Such clinal features, be they in gross morphology or

isozyme frequencies, would attest to the progressive extension of the species range

and the concomitant adaptation of the population(s) to the new environments.
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This was not observed among California populations of either rotundata or

apicalis and may be the result of two different processes. We hold that both species

were bottle-necked at the time of their introduction into the New World. Since their

introduction, however, rotundata has spread rapidly across the continent (flush-phase

of the founder event, Appendix III) presumably undergoing minor adaptations as it

dispersed. With the discovery that the species could be propagated for commercial

use (Stephen, 1961), hundreds of millions of cells derived from local populations in

the Snake River Valley of Oregon and Idaho have been produced in western Canada

and sold to alfalfa seed producers throughout the world. The vast majority of these

cells have come to the western states of the US. Thus whatever local adaptations the

species may have undergone since its initial dispersal across the continent have been

swamped by an annual infusion of scores of millions of cultivated kin. Thus we

would expect precisely what has been observed in rotundata: very close genetic

affinity among the California populations; a high Ht and Fst; along with a high Nm

which reflects the high interchange of rare genes (through commerce, not dispersal)

among all of the populations. We believe that M. apicalis on the other hand was

introduced into California in relatively recent time. It was first collected in the

Coastal Range outside of Santa Barabara, CA in 1981 and since that time has

dispersed rapidly throughout the interior valleys of the state, as far north as the

Redding area. In spite of the extensive commerce between California and other

western states, the species has not been taken in any of the adjacent states. The four

populations of apicalis established in isolated areas of Siskyou County (Grenada,

Jones, Yreka, Peters) were selected from natural populations in Glenn County (

Lederer, Willows I, Willows II). Thus their distribution, genetic distance and

affinities, although included in these analyses, make no contribution to the

fundamental questions asked in this study. The 5 populations of apicalis from which
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we have sufficient material for analysis are spread from the center of the San Joaquin

Valley (Los Banos) to the extreme northern end of the Sacramento Valley (Palo

Cedro), with the Lederer, Willow I and II populations about midway between the

other two.

2. Bottleneck-induced genetic variation and evolutionary divergence

The high heterozygosity of New World populations of rotundata

(Hexp =0.156) and apicalis (H =0.151) over all loci compared to that of Old

World populations of rotundata (Hexp =0.073), plus the presence of significantly

differentiated loci in New World populations, together, are consistent with the

possibility that high genetic variability and differentiations of New World populations

is due to a founder event.

The impact of the bottle-neck (=founding event) is said to result in a

disruption of the coadapted gene complexes through drift (founder-flush hypothesis)

or a disruptive action involving only major genes (=transilience). It is much too

early in the establishment of either species in North America to ascertain if either the

founder-flush or transilience models of the bottle-neck apply. Both models predict a

release of genetic variation during the flush phase, along with the formation of

numerous exploratory phenotypes through recombination. In other words, in the

early stages of the flush phase we should anticipate the formation of unique

populations not necessarily reflecting a close affinity to others nearby. What we see

are a series of disparate populations, each characterized by a unique isozyme pattern

and with low gene flow between and among them (low Nm) patterns consistent with

either the founder-flush or transilience models of the bottle-neck. Unfortunately it is

impossible at this stage for us to ascribe the uniqueness of the populations to either of

the two models, nor to determine if this uniqueness is a result of the initial disruption
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and flush, or of intense selection imposed during (transilience) or following (founder-

flush) the flush stage (Appendix III).

The very low levels of genetic heterozygosity observed in the two Old World,

coupled with the high levels in the New World populations of rotundata supports the

tenct that bottle-necking has resulted in a increase rather than a reduction in

heterozygosity.

We are uncertain as to the significance of our karyotype studies showing that

extensive chromosomal polymorphism (i.e. inversions and deletions) occurs with

equal frequency in both the Old and New World populations. Certainly the

phenomenon suggests that such characteristics should provide both populations with

the possibility of rapid genomic reorganization a feature not pursued by the Old

World populations.

Because of the limited number of Old World specimens of rotundata available

(and the absence of any apicalis) it is not possible to test the premises proposed by

Carson and Templeton as to genetic structure of the ancestral populations from which

the founders are derived. Both state that these populations must be outcrossed and

polymorphic. The analyses of the European populations available to us indicate high

chromosomal polymorphism but much lower genetic polymorphism than those of the

New World. We do not know how much of the genetic polymorphism of the Old

World rotundata is unavailable to our analysis because of tightly bound genomes at

highly adapted peaks. Indeed with the limited access to specimens from Eurasia we

are unable to determine the source of founders of either species, and it may well be

that once this problem has been resolved, the tenets of the founder induce speciation

may be more completely tested.

In addition to the genetic comparisons made in this study, there are a number

of biological and behavioral characteristics by which Old and New World rotundata



163

and apicalis may be distinguished. Both species are univoltine in the Old World and

multivoltine in the New; both are much more strongly gregarious in the New World

and much more aggressive; M. rotundata is a strong oligolege on alfalfa in the New

World and not in the Old; and M. apicalis is said to be a soil nesting species in

eastern Europe, but never in the New World.

We are encumbered in achieving our complete objectives in this study by

various factors. Our principal problem was our inability to obtain sufficient Old

World specimens of either species for analysis. Although M. rotundata widely

distributed through much of Eurasia, the importation of hundreds of millions of cells

from New World sources to virtually every European country has made the New

World form the predominant type. Fortunately two colleagues in France and Spain

have made a concerted effort to maintain isolated endemic populations of this species

reproductively pure. We are not certain as to the genetic purity of the populations

provided by these workers for the males of the species disperse widely upon

emergence and genetic contamination may well have occurred. Nevertheless the

analytical data from the limited material from these two sources is so strikingly

different from those of New World populations, that we are tentatively accepting

them as endemic European.

M. apicalis on the other hand, is rare throughout its area of endemism

(Eurasia) and has been difficult to trap nest. There is some question whether the

designated range of the species, from Spain and North Africa east to Tashkent and

Afghanistan, does not encompass more than a single species. In the steppes of Russia

it is recorded as soil nesting, rather than a reed nesting species and well adapted to the

more rigorous climates of the area; whereas in France it does not occur more than 100

kilometers inland from the Mediterranean. The California populations more nearly
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resemble those from France for the wintering prepupae will not survive the winters of

the Pacific Northwest (Stephen, pers. comm.).
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APPENDIX I

Chemicals used in electrophoresis.

Chemical mg/ml

Aldo lase 13 units/mg

Benzaldehyde

Fructose-6-phosphate 50

K-Fumarate (fumaric acid) 100

G6PDH 276 units/mg

Glucose-l-phosphate 50

Glucose-6-phosphate 20

DL-Glycerophosphate 40

Hydroxybutyrate 50

Hypoxanthine 10

DL-Isocitric acid 100

L-Malic substrate (detail see Hebert

and Beaton)

MDH 440 units/mg

MgC12 20

MTT 10

Na2HAs04 10

NAD 2

NADP 2

6-Phosphogluconic acid 20

PMS 2

Solution #1 and #2 (detail see Hebert

and Beaton)
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APPENDIX II

Allelic frequencies in Los Banos population of M. apicalis at the 23 loci.

Locus

Allele

A B C D

Me-1 0.043 0.913 0.043

Me-2 1.000 _ -

Pgm-1 0.271 0.729

Pgm-2 1.000

Mdh-1 1.000 -

Mdh-2 0.667 0.333

Mdh-3 0.667 0.333

G6pdh-1 0.913 0.087

G6pdh-2 1.000

Got-2 1.000

Hbdh 1.000

G3pdh 1.000

Idh-1 0.333 0.667 _ -

Idh-2 0.333 0.667 - -

Xdh 0.750 0.250

Gpdh-1 0.667 0.333

Gpdh-2 0.979 0.210

6Pgdh-1 0.708 0.292

6Pgdh-2 0.891 0.109

Got-1 1.000 - _

FUM 1.000

PG1 1.000

AO 1.000 - -
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APPENDIX III

Models of founder-induced speciation.
(Founder-flush and genetic transilience)

1. Ancestral population: Outcrossed and polymorphic.

2. Founder population:

- small inbreeding effective size (1-2 pair).

- founders with high genetic variability.

3. Impact of founding event:

- disruption of coadapted complexes through drift.

- action only on major genes (Transilience).

4. Resulting genetic events:

- flush, recombination and altered pleiotropic balance.

- carry-over and release of genetic variation.

5. Major source of selection:

- external and environmental (Founder-Flush).

genetic environment: altered major genes (Transilience).

6. Strongest selection:

after flush (Founder-Flush).

- during flush (Transilience).

7. Genetic response:

- polygenic, most loci unaffected (Founder-Flush).

a few major genes and their modifiers (Transilience).
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APPENDIX IV

Comparision of genetic variablity at 23 loci between males and females in all 7

populations of M. apicalis.

No. of percentage unbiased

alleles per of loci heterozygosity

locus (Ne) polymorphic(%P)* (H)**

Female

(84 individuals)

Male

(84 individuals)

1.8 ± 0.2

1.7 ± 0.2

52.2 0.190 ± 0.044

47.8 0.157 ± 0.040

* A locus is considered polymorphic if the frequency of the most common allele
does not exceed 0.95.

** Unbiased estimate (see Nei, 1978).
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APPENDIX V

Comparision of genetic variablity at 23 loci between males and females in 5 families of

Yreka population of M. apicalis.

No. of percentage unbiased

alleles per of loci heterozygosity

locus (Ne) polymorphic(%P)* (H)**

Female

(20 individuals)

Male

(20 individuals)

2.0 ± 0.4

2.0 ± 0.4

66.7 0.276 ± 0.094

66.7 0.306 ± 0.108

* A locus is considered polymorphic if the frequency of the most common allele
does not exceed 0.95.

** Unbiased estimate (see Nei, 1978).




