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INTRODUCTION 

Chromosomal differentiation has often been associated with, but is 

not necessarily the immediate cause of, speciation. Generally, there 

are few chromosomal differences between closely related species, 

Occasionally, a species, or lineage of species, will exhibit an extreme 

number of chromosomal rearrangements. When these rearrangements are 

of the same type this is known as "karyotypic orthoselection" (White, 

1973). When they are of differing types it is termed "karyotypic 

megaselection" (Baker and Bickham, 1980). 

Often, these chromosomal rearrangements are been considered to be 

deleterious in the heterozygous state, due to deletions and duplications 

of chromosomes or chromosome segments in recombinant meitotic 

products. Zygotes with these deletions or duplications -;..)robably would 

not be viable. since initially a novel rearrangement is at a low 

frequency in a population, it would be present primarily in 

heterozygotes. This would present a significant barrier to the 

establishment of the rearrangement. To overcome this barrier, and 

explain known variation, White (1968) has developed the stasipatric 

model, which depends on drift and inbreeding in isolated demes within 

the range of a .species. Similar models of Bush (1975), Key (1968) and 

Patton (1969) invoke the founder effect and involve only peripheral 

isolates. 

These models have been heavily criticized by Futuyma and Mayer 

(1980) and Lande (1979), who consider the events necessary as 
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extremely improbable. However, Hedrick (1980) has shown that when a 

heterozygote disadvantage exists the main factors affecting fixation are 

inbreeding, drift, and meiotic drive. Any advantage of the new 

rearrangement in homozygotes can play only a minor role in fixing that 

rearrangement. In order to completely reject these models it is 

necessary to show there is little or no reduction in fertility in 

heterozygotes as a result of the rearrangements. 

Fish are generally considered to be conservative in chromosomal 

evolution (Gold, 1979; Vasiliev, 1980; Chiarelli and Capanna, 1973). 

The bulk of detected variation is Robertsonian in nature and usually 

involves only one chromosome pair. Some lineages of morphologically 

distinguisable species do exhibit extreme differentiation (Ida and 

Yunokawa, 1980; Smith and Miller, 1980). Because of the small size 

fish of chromosomes, and analytical techniques of relatively low 

resolution, it is possible that a great deal of variation has gone 

undetected. 

Presented here is an example of extreme intraspecific chromosomal 

differentiation in the genus llyodon of the Rio Coahuayana (nominally 

llyodon furcidens ) . Fish found in the lower portion of the Rio 

Coahuayana have very few biarmed chromosomes (metacentric and 

submetacentrics). This is also true of llyodon in adjacent river 

systems. In the upper portion of the river system a large number of 

rearrangements have been fixed. There is an increase in arm number 

associated with these rearrangements, but there is no change in the 

diploid chromosome number (2N=48 in all cases). This variation is 
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extreme enough to qualify as karyotypic orthoselection and is possibly 

the most extreme yet found in teleosts. 

The 1 lyodon species are members of the Goodeidae, a family of 

small, livebearing fish which inhabit a variety of lake and stream 

habitats but are restricted to the Mesa Central region of Mexico. 

llyodon are found in fast streams and rivers and seem equally at home 

in both pools and riffles. Within this habitat they are numerically 

dominant. They have no trouble swimming against a strong current 

and seem well adapted for dispersal. The fish appear to be 

continuously distributed in the river systems except for polluted 

regions. 



MATERIALS AND METHODS 

Samples were obtained from I lyodon populations in the Rio 

Coahuayana basin during field trips in 1978, 1980, and 1981. Some fish 

were sacrificed in the 'field for chromosome studies, others were 

returned to the laboratory for further analysis. 

Field slides of gill epithelium were prepared by standard heat 

treatment and air drying methods (Denton, 1973). Fish were injected 

with 0. 1% chochi~ine to stop mitosis at metaphase. After 3-4 hrs, the 

injected fish were sacrificed and the gills removed. The gills were 

placed in a hypotonic solution of 0.4% KCI for 2 treatments of 30-45 

min each. After swelling, the tissue was fixed in 3 changes of 3: 1 

methanol: acetic acid for 30 min each. Several drops of 45% acetic acid 

were placed on each slide. The giMs were then dabbed on the slide to 

loosen and spread the epithelial cells. The slides were air dried or 

were gently heated over an alchohol burner and were then stained 

with 4% Giemsa for 10-15 min. 

Slides were prepared in the laboratory by the technique of 

Klingerman and Bloom (1976), modified as follows: Fish were placed in 

a well aerated solution of 0.01% cholchicine for 12 hours. The swelling 

and fixation steps were as di scribed above. After fixation, each gill 

arch was placed in approximately 1 ml of 45% acetic acid and gently 

minced with forceps for 1 min. This loosened and suspended the 

epithelial cells. Slides were heated to 55° C on a slide warmer. The cell 

suspension was taken up in a Pasteur pipette and several drops were 
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placed on the heated slide to form circles approximately 1 cm in 

diameter. After 15 seconds the liquid was removed. This left the cells 

deposited in a ring around the outer edges of the circles. The slides 

were then stained as above. 

Mitotic cells were photographed using a polaroid camera with tyep 

665 P/N film mounted on a Nikon Optiphot microscope. The metaphases 

were then enlarged to a total magnification of approximately 10,000x 

for karyotyping. Karyotypes were made using the standard arm ratios 

given by Levan (1964). By these criteria, metacentrics have arm ratios 

between 1.0 and 1.7 while submetacentrics range from 1.71 to 3.00, 

and subtelocentrics range from 3.01 to 7 .00. Arm rations less than 

3.00 were counted as biarmed chromosomes, while those greater than 

3.00 were considered uniarmed. This considerably reduced variation 

due to error in arm measurement. 

The Klingerman and Bloom technique produced the best metaphase 

spreads. Placing the fish directly in the cholchicine solution was 

found to be preferable to injection, apparently because the shock of 

capture and injection reduced the number of cells entering mitosis, so 

that good spreads were rare in the field prepared specimens. The 

even heat used in the Klingerman and Bloom technique produced 

superior spreading of the chromosomes. The principle drawback of this 

technique is that it is not easily applied in the field and required the 

transport of live fish to the laboratory. 

C-banding was induced by an adaptation of the technique of 

Sumner (1972). Heat during the slide preparation induces some 
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G-banding, which may obscur'e C-bands. Slides were prepared by the 

Klingerman and Bloom technique with some changes to r-educe the 

exposure to heat. The slide warmer was heated to 50°C. Instead of 

preheating the slides, they were set on the warmer and the cell 

suspension immediately added and removed, so that neither the slide 

nor the solution had time to reach 50°C. The slide was immediately 

removed from the warmer. This gave enough heat to help spread the 

metaphase chromosomes without inducing G-banding. Slides were aged 

at room temperature for at least 7 days; best results were obtained 

from 21 day old slides. The aged slides were placed in 1 N HCI for 30 

min and washed th rough several changes of distilled water. A 4% 

Ba(OH)z solution was prepared by heating until most of the material 

dissolved and filtering off the insoluable material. The filtered solution 

was then held at 60 CC in a water bath. The slides were placed in the 

Ba(OH)2 solution for 1.0, 1.5, or 2.0 min. This spacing usually 

ensured that one batch gave good results. After a thorough washing 

the slides were placed in 2x SSC (.3M Sodium Cloride and .03M Sodium 

Citrate) at 60°C for 4 hrs. The slides were then stained in 4% Giemsa 

for 2 hrs and observed. 

DNA was quantified by cytophotometry of erythrocyte nuclei. Blood 

smears were prepared using freshly sacrificed fish. All slides were 

stained with the Fuelgen reagent as a single batch. Chicken and 

Xenopus erythrocytes were used as standards. The densities of thirty 

nuclei from each animal were measured, and the data developed by a 

computerized procedure (Rasch and Rasch, 1978). Machine units were 
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converted to picograms of DNA assuming the chicken standards 

contained 2.5 pg DNA/nucleus (Mirsky and Ris, 1950). 



RESULTS 

Karyotypes are summarized in Table 1. The range in arm numbers 

is due to difficulty in determining the precise location of the 

centromere and hence arm ratios, primarily due to poor resolution in 

enlargements. of mitotic nuclei. While it is possible that some of this 

variation within localities is real, much, if not all, of it may be due to 

error. Sample sizes are too small to tell. However, differences 

between upstream localities, Tonila, and downstream localities remain 

distinct in spite of this. This variation is also obvious in the 

karyotypes presented here (Figs. 2, 3, and 4). 

C-banding was done to determine if there had been any 

accumulation of heterochromatin that could account for the changes in 

chromosome morphology. In no case was any significant C-band found 

outside the region of the centromere, as is shown in the C-banded 

spread in Figure 5. 

Data from DNA-cytophotometry are summarized in Table 2. An 

ANOVA showed no significant difference in the amount of DNA 

associated with the differences in chromosome morphology. 

Preliminary results from breeding experiments between the 

chromosome types are available (B.J. Turner and C Adkisson, 

personal comment). These crosses have produced phenotypically 

normal offspring with meiotic figures containing the expected 24 

bivalents. The fertility of these offspring has been proven in 

backcrosses, and their offspring in turn are phenotypiclly normal. 
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Table 1. summary of the metaphase karyotypes from the ~io 
Coahuayana. The locality numbers correspond to the locality 
numbers in figure 1. 

Locality 

1. La Garita ,.., Tamazula ~-
·3. Atenquique 
4. San Pedro 
5. San Marcos 
6. Toni la 
7. Rio Barreras 
8. Rio Serendipito 
9. Rio zarca 
10.Rio Cobano 

Number 
Individuals 

3 
4 
3 
6 
3 
3 
3 
3 
2 
2 

Chromosome 
Number 

48 
48 
48 
48 
48 
48 
4ts 
48 
4B 
48 

Arm 
Number 

71-76 
72-76 
69-74 
72-78 
72-78 
61-67 
53-56 
54-58 
51+.-56 
5~-5b 
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Table 2. Amount of DNA per nucleus estimated by 
cytophotomatry of RBC nuclei. Thirty nuclei were measured 
from each fish. Tamazula and San Marcos are upstream 
localities, serendipito is downstream (See figure 1 for arm 
numbers) • 

Locality 

Tamazula 
San l1arcos 
Serendipito 

Standards 
Chic.K.en 
XenOPQ2 

Number of 
Individuals 

11 
3 
4 

Hean DNA 
pg/nucleus 

2.481 
2.466 
2.526 

2.SOO:it 
6.450** 

* Calibrating standard (Mirsky and Ri.s, 1951} 

Standard 
Error 

0.035 
0.108 
0.054 

0.o16 
0.031 

** Compared to 6 .35 pg/nucleus (Thieba.ua and Fischberg, 1977) 
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Fi.q. 1. The Rio Coahuayma River Sy9tem. 1 - l.a Garlta, 2 - Tamazula, 
3 - Atenquique, 4 - Rio Ssn Pedro, 5 - Rio San~. 6 - Tcnila, 
7 - 'Rio Barreras, 8 - Rio Serendipito, 9 - Rio Zarca, 10 - 'Rio C-Obsno. 
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Figure 2. ryotype fran the · o Cobano. is karyotype 
is typical of t e d~ stream localities. 
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Figure 5. C-banded t spread fran Tamazula. Note 
that there is little or no anding in the anns. 



DISCUSSION 

The llyodon of the Rio Coahuayana can be divided into at least 2 

chromosome races. The upstream populations have 69-78 chromosome 

arms while the downstream populations have 53-58. In all cases 2N = 
48. Only the Tonita population appears to be intermediate. At least 6 

chromosome rearrangements separate the upstream and downstream 

populations. The karyotypes from. adjacent river systems, especially 

the Rio Armeria, closely resemble the downstream Coahuayana 

karyotype, indicating this is probably close to the primitive 

karyotype. 

There are 4 mechanisms that could account for changes in 

chromosome shape (White, 1978a): 

1. Robertsonian Fusion I Fission. 

2. Accumulation of heterochromatin in the short arms. 

3. Non reciprocal Trans location. 

4. Peri centric Inversion. 

The first hypothesis, that of Robertsonian change, can be easily 

rejected. Since this involves the fusion of 2 nonhomologous 

chromosomes, or the fission of a metacentric into 2 acrocentrics, there 

is always a change in the number of chromosomes with no associated 

change in arm number. There has been no such change in I lyodon. 

Accumulation of heterochromatin in the short arms of acrocentric 

chromosomes has been found to occur in Peromyuscus (Duffy, 1972; 

Pathak, Hsu and Arrighi, 1973) and several other groups. This 

16 



17 

produces large C-banding regions in one of the arms of the 

metacentrics and increases the amount of DNA per nucleus. C-banding 

indicates that most of the heteroch romatin is concentrated near the 

centromere in 1 lyodon. DNA cytophotometry indicates that there is no 

significant difference in the amount of DNA between the two 

cytotypes. 

Translocations present in the heterozygous condition generally 

cause the formation of multivalents during metaphase I of meiosis as 

the translocated segments synapse. Heterozygotes for the 

rearrangements present in llyodon were made by crossing the two 

cytotypes. Metaphase I chromosome spreads from the offspring had the 

expected 24 bivalents and no apparent multivalents. This indicates that 

the rearrangements are not translocations. 

This leaves pericentric inversion as the only known method by 

which these rearrangements could occur. The G-banding methods that 

would be necessary for conclusive proof have not yet been developed 

for fishes. While it seems highly improbable, there remains the 

possibility that an unknown type of rearrangement has occured . 

.For the following discussion of chromosomal evolution I will assume 

that the metacentric chromosomes of the upstream populations include 

the single metacentric pair in the downstream karyotype. This is 

parsimonious in that it requires the fewest number of rearrangements. 

If different rearrangements are present at each locality, then the 

chromosomal evolution of llyodon has been much more complex than 

now apparent. 
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The principal problem that emerges from these data is how such 

extreme chromosomal differentiation could have occured in an 

apparently continuous system. A stasipatric model (White, 1978a, 

1978b, 1973) was developed to explain chromosome differentiation in 

cases where heterozygotes have reduced fertility. The model states 

that in a species of low vagility a deme may be isolated for a time 

simply because there are no immigrants from surrounding demes. 

Inbreeding and drift could then operate to fix chromosomal 

rearrangements, which would then spread to surrounding populations. 

Similar models proposed by Bush (1975), Key (1968), and Patton 

(1969) have the same phenomenon occuring in a small isolate on the 

edge of the main range of a species. After fixation, the new 

chromosome race could spread into new territory or back into the old 

range. 

Although there have been no measurements of vagility in llyodon, 

it is not reasonable to assume the low vagility necessary for the 

stasipatric model. The fish appear to be very mobile within the 

stream, swimming easily upstream and even up a small waterfall (at the 

Barreras site) in order to escape netting. While this does not preclude 

the possibility that the fish may have a localized breeding structure, 

there is no evidence that there is not considerable migration both up 

and downstream. 

It is plausable that an obstruction could have blocked a stream for 

a time, creating a peripheral isolate. It is unlikely, however, that 

such an isolate would be small enough to have significant drift or 



19 

inbreeding. These fish are found in large numbers, even in small 

streams less than a meter across. A single pool may have a population 

in the hundreds and perhaps thousands. In order to account for the 

number of inversions such an isolate would have had to occur fairly 

frequently. No obvious natural barriers are currently known in this 

river system. The apparent lack of such barriers and the low 

probability of inbreeding or drift makes it unlikely that either of these 

effects played any major role in the fixation of the inversions. 

The drift models were designed primarily to neutralize heterozygote 

disadvantage. This idea is supported by Hedrick (1980). He assumed 

there is a heterozygote disadvantage and showed the main factors 

which could be involved in fixing a rearangement were drift, 

inbreeding, and meiotic drive. In I lyodon there does not seem to be 

such a disadvantage. Preliminary results from breeding experiments 

between parents of different karyotypes have yielded phenotypically 

normal offspring. The few offspring that have been sacrificed had 

normal meiotic figures and several have proven their fertility by 

producing normal broods. Considering the number of fixed 

chromosomal differences, if these rearrangements had a heterozygote 

disadvantage, the Fl offspring should be sterile. 

Meiotic drive is the inclusion of a allele or chromosome in a gamete 

from a heterozygote at a rate consistently greater than the 50% 

expected by chance. Hedrick showed that meiotic drive could 

theoretically play an important role in the fixation of chromosome 

rearrangements. However, there is only one known case of meiotic 
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drive associated with a chromosome rearrangement, found in 

Vandiemenella viatica (White, 1978a), and in that case the drive 

favored the "primitive" chromosome. This hypothesis should be tested, 

but, in view of the lack of evidence from other systems, it seems 

unlikely that it will pertain to llyodon. 

There are several possible explanations for heterozygote fertility in 

llyodon. There could be a cellular mechanism for the reduction or 

elimination of crossing over in the inverted segments, or the gametes 

containing the deletions and duplications may be eliminated prior to 

fertilization. Lande (1979) and Bengtsson (1980) propose that 

viviparity may be at least part of the reason mammals have undergone 

such extensive chromosomal evolution. In mammals, there is a large 

amount of zygotic wastage, either due to failure to implant or 

reabsorption after implantation. The lethal effects of deletions and 

duplications may be expressed at this point and not show up as a 

reduction in fertility. The Goodeids are also matrotrophic viviparous 

organisms (i.e. They have internal incubation and embryos receive 

nutrients from the mother). C. L. Turner (1933) found that in the 

genus Skiffia there are always some embryos in a state of 

reabsorption. It seems likely this mechanism can explain the lack of 

heterozygote disadvantage in I lyodon. 

llyodon presents a unique combination of characteristics in 

chromosome evolution. The fish are continuously distributed 

throughout the system and they are a species with high potential 

vagility. Also, there must have been at least 6 inversions to account 



21 

for the observed differences and only one intermediate population has 

been found. This degree of differentiation is sometimes found within 

higher taxa such as orders or even families, but only rarely has it 

been found within a single presumptive species. Extensive chromosome 

differentiation has taken place in several other fish genera (Ohno, 

1974), but there is no indication that the species involved have the 

continuous distribution found in I lyodon. In mammals, Thomomys has 

a large degree of differentiation, but these pocket gophers have a low 

vagility and a small deme size, which could fit the drift models 

(Thaeler, 1974). Uroderma, a genus of bats, has a very high 

vagility, but only 3 rearrangements are involved in this system 

(Baker, 1981). Numerous examples of chromosomal differentiation exist, 

but none seem to present the combination of extensive c:li:.ferentiation 

and continuous distribution present in 1 lyodon. 

White (1973) has used the term karyotypic orthoselection to 

describe the process by which a series of chromosome rearrangements 

of the same type can be fixed. He has proposed a chain process 

model (White, 1978b), using chromosome races of Mus in Italy as an 

example. These rearrangements supposedly form a reproductive barrier 

to protect "coadapted gene complexes". His model again assumes that 

there is a heterozygote disadvantage, and uses "stasispatric 

speciation" for initial fixation. Even though the first rearrangement 

probably would not be a very effective barrier, further 

rearrangements would be selected for in order to increase the strength 

of the barrier. The model predicts that by the time 6 or 7 
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rearrangements have been fixed the boundary between the two races 

should be very sharp, with a narrow hybrid zone of probably sterile 

intermediates. Since the intermediates in llyodon are known to be 

fertile in the lab, it is unlikely that this model can explain karyotypic 

orthoselection in I lyodon. 

The Canalization Model (Bickham and Baker, 1979) is designed to 

explain orthoselection in a higher taxon or lineage of species but may 

be applicable to the Coahuayana llyodon. This model proposes that as 

a group enters a new adaptive zone there is a new optimum karyotype 

(i.e. linkage and regulatory arrangements) for the new strategy. As 

the old karyotype is now less than optimum, there is a greater chance 

that a random rearrangement will be closer to the optimum and so 

become fixed. There are three stages to the evolution of a lineage 

under this model. Stage 1 is a rapid reorganization of the genome, 

triggered by the shift in the optimum karyotype. In stage 2 the 

karyotype is fine tuned by less drastic rearrangements to approach 

the optimum. In stage 3 the kayotype is nearly optimum and further 

evolution takes place primarily by genetic means. The karyotype in 

this case is part of the coadapted gene complex that is being 

protected, probably by premating isolating mechanisms, rather than 

the reverse. 

Obviously the model does not apply directly to 1 lyodon. The 

authors used the origin of the turtles as an example of the kind of 

sweeping changes they had in mind. In llyodon the changes must be 

minor since the crosses have produced apparently normal offspring. 
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Howev'er, the concept that there may be an optimum kayrotype that 

varies with the situation is useful. When a species extends its range 

new conditions may be encountered that cause a shift in the optimum 

kayrotype. Random rearrangements will have a better chance of being 

advantageous and so becoming fixed, especially if there is little or no 

heterozygote disadvantage produced. The advantages of the new 

karyotype may be primarily regulatory and physiological and may 

produce little or no effect on the external phenotype. 

There is a major gap in the data in that the potential contact zones 

between the two cytotypes has not been detected and, in fact, may 

have been eliminated by pollution. Without data from the contact zone 

it is impossible to estimate the extent of gene flow or to determine if 

they are truly interfertile in the wild. The width of thi:sifione could 

give clues to the strength of the selection gradient and the_ 

compatibility of the cytotypes. 

Pollution from a papermill at Atenquique has rendered much of the 

main river apparently uninhabitable to fish, at least in the dry 

season. Unfortunately, this region is also the probable contact zone 

between the cytotypes. This pollution probably has not played a role 

in the differentiation of the cytotypes. The papermill has been in 

operation less than 10 years and llyodon were collected in the main 

river below Atenquique as late as 1963 ( B .J. Turner, personal 

comment). Clearly, the time involved has been is insufficient to 

produce the extensive differentiation observed. 

The present distribution of chromosome races in the Rio 
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Coahuayana river system has two possible origins. The inversions 

could have originated in an isolated upstream population, or they could 

have been fixed while in continuous eontact with the original 

karyotype. Both possibilities probably imply a selection difference 

between the upstream and downstream regions. 

Chromosomal rearrangements are generally believed to occur at a 

fairly constant rate in natural populations (White, 1978a). If this is 

the case, then just as many rearrangements should have occured in 

downstream populations and adjacent river systems as did in the 

upstream populations. There is no evidence that any rearrangements 

were fixed in any but Tonila and the upstream populations. The 

inversions probably have a selective advantage in the upstream region. 

Alternatively, there cou Id be some factor, possibly genetic, that 

increases the frequency of inversions in the upstream populations. 

Even if this is so, there must be some selective factor involved as it 

is unlikely that so many rearrangements could be fixed by chance 

alone. 

If the populations were in contact. during the differentiation, then 

the inversion had to be fixed in spite of gene flow. There must be a 

strong selection gradient eliminating the original chromosome flowing 

upstream and the inversions flowing down. It is possible that the 

inversions were acquired as the fish migrated upstream. While this is 

similar to some of the drift models, with fixation occuring at the edge 

of the range, selection would be operating rather than drift (Endler, 

1977). 
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The Tonila population has several possible origins. It could be an 

isolated remnant from an earlier stage in the differentiation. That is, 

it is intermediate simply because it has never been exposed to all of 

the inversions. More probably, it is the result of contact between the 

two chromosome types, possibly a part of a cline. In this case it would 

suggest that there is some contact between the races but that the 

exchanged chromosomes are eliminated as they move up or downstream. 



CONCLUSIONS 

The llyodon of the Rio Coahuayana have undergone a massive 

chromosome differentiation. The scale of this karyotypic orthoselection 

equafs that found within higher taxa but is unprecedented within a 

single species of teleost. 

As llyodon seems to be a highly vagile fish that is continuously 

distributed throughout this river system it is unlikely that models 

depending on drift are applicable. Further, these models assume a 

reduction in the fertility of heterozygotes which does not occur in 

1 lyodon. It is more probable that selection caused the fixation of 

these inversions. 

The Canalization Model may provide some insight as to how these 

inversions were fixed. As 1 lyodon extended its range into the upper 

Rio Coahuayana there was a shift in the optimum karyotype. While the 

primitive karyotype remained near optimum in the lower portion of the 

drainage system it was not optimum in the upper portion. 

Rearrangements occu red at the same rate in both regions. In the 

upper portion, the inversions had a better chance of being closer to 

the new optimum than the old karyotype, and so were fixed. Since 

there had been no shift in the optimum karyotype in the lower portion 

of the drainage, rearrangements appearing there had a much smaller 

chance of being closer to optimum, and none becaume fixed. 

Furthermore, those inversions fixed in the upper portion were not 

advantageous in the lower portion and were excluded from those 

26 
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populations. 

The intermediate Tonila population may be representative of either 

primary or secondary contact between the two extreme cytotypes. In 

either case, its karyotype, if stable may indicate that selection favors 

the presence of some but not all of the inversion fixed in the upstream 

populations. 



LITERATURE CITED 

Baker, R.J. and J.W. Bickham. 1980. Karyotypic Evolution in Bats: 
Evidence of Extensive and Conservative Chromosomal Evolution in 
Closely Related Tax a. Syst. Zool. 29(3): 239-253. 

Baker, R. 1981. Chromosome Flow Between Chromosomally Uroderma 
bilobatum (Chiroptera: Phyllostomatidae). Evol. 35(2): 296-305. 

Baker, R.J., R. Bass and M. Johnson. 1979. Evolutionary Implications 
of Chromosomal Homology In Four Genera of Stenodermi ne Bats 
(Phyllostomatidae: Chiroptera). Evol. 33(1): 220-226. 

Barton, N. and G. Hewitt. 1981. A Chromosomal Cline in the 
Grasshopper Podisma pedestris. Evol. 35(5): 1008-1018. 

Bell, M. 1982. Differentiation of Adjacent Stream Populations of 
Threespine Sticklebacks. Evol. 36(1): 189-199. 

Bengtsson, B. 1980. Rates of Karyotypic Evolution In Placental 
Mammals. Hereditas 92: 37-47. 

Bengtsson, B. ·and W. Bodmer. 1976. On the Increase of Chromosome 
Mutations Under Random Mating. Theor. Pop. Biol. 9: 260-280. 

Bickham, J.W. and R.J. Baker. 1977. Canalization Model of 
Chromosome Evolution. In Models and Methodologies in Evolutionary 
Theory (J.H.· Schwartz and H.G. Rollins ed.). Bull. Carnegie 
Mus. Nat. His. 13: 70-74. 

Bush, G. L. 1981. Stasipatric Speciation and Rapid Evolution In 
Animals. In Evolution and Speciation (Atchley and Woodruff ed.). 
pp. 201-218. 

Bush, G. L. 1975. Modes of Animal Speciation. Ann. Rev. Ecol. Syst. 
6: 339-364. 

Chiarelli and Capanna. 1973. Checklist of fish Chromosomes. In 
Cytotaxonomy and Vertebrate Evolution (Chiarelli and Capanna ed.) 
PP 206-232. 

Comings, D. 1973. Methods and Mechanisms of Chromosome Banding. 
In Methods in Cell Biology Vol. IV (Prescott ed.) pp. 115-132. 

Denton, Thomas. 1973. Fish Chromosome Methodology. Thomas, 
Springfield 111. 

Duffy, P. 1972. Chromosome Variation in Peromyscus: A New 
Mechanism. Science 176: 1972 1333-1334. 

28 



29 

Endler, J. 1977. Geographic Variation, Speciation, and Clines. 
Princeton, Princeton University Press. 

Futuyma, D. and G. Mayer. 1980. Non-Allopatric Speciation in 
Animals. Syst. Zool. 29(3): 254-271. 

Gold, J.R. 1979. Cytogenetics. In Fish Physiology Vol VIII (Hoar, 
Randall, and Brett ed.). pp. 353-405. 

Hedrick, P. 1981. The Establishment of Chromosomal Variants. Evol. 
35(2): 322-332. 

Imai, H. and T. Maruyama. 1978. Karyotype Evolution by Pericentric 
Inversion as a Stochastic Process. J. Theor. Biol. 70: 253-261. 

Jackson, J. and J. Pounds. 1979. Comments on Assessing the 
Dedifferentiating Effect of Gene Flow. Syst. Zool. 28(1): 78-85. 

John, B. 1981. Chromosome Change and Evolutionary Change: A 
Critique In Evolution and Speciation (Atchley and Woodruff ed.) pp 
23-51. 

Kato, H. and K. Moriwaki. 1972. Factors Involved in the Production of 
Banded Structures in Mammalian Chromosomes. Chromosoma 38: 
105-120. 

Key, K.H.L. 1968. The Concept of Stasipatric Speciation. Syst. Zool. 
17: 14-22. 

Klingerman, A. and S. Bloom. 1977. Rapid Chromosome Preparations 
From Solid Tissues of Fishes. J. Fish. Res. Board Can. 34: 
266-269. 

Lande, R. 1979. Effective Deme Sizes During Long Term Evolution 
Estimated From Rates of Chromosomal Rearrangement. Evol. 33(1): 
234-251. 

Mayr. 1963(1979). Animal Species and Evolution. Belknap Press. 

Mirsky, A.E. and H. Ris. 1951. The Desoxyribonucleic Acid Content 
of Animal Cells and Its Evolutionary Significance. J. Gen. Phys. 
34: 451-462. 

Ohno, S. 1974. Animal Cytogenetics Vol. 4. Protochordata 
Cyclostomata. and Pices. 

Pathak, S., T.C. Hsu, and F.E. Arrighi. 1973. Chromosomes of 
Peromyscus (Rodentia, Cricetidae): IV The Role of 
Heteroch romation in Karyotypic Evolution. Cytogenet. Cell Genetics 



30 

12: 315-326. 

Patton, J. 1972. Patterns of Geographic Variation In Karyotype In The 
Pocket Gopher, Thomomys bottae. Evol. 26: 574-586. 

Patton J.L. 1969. Chromosome Evolution in the Pocket Mouse, 
Perognathus goldmani Osgood. Evol. 23: 645-662. 

Patton, J. and J. Feder. 1981. Microspatial Genetic Heterogeneity in 
Pocket Gophers: Non-Random Breeding and Drift. Evol. 35(5): 
912-920. 

Rasch, E. and R. Rasch. 1979. Applications of Microcomputer 
Technology to Cytophotometry. Journ. Histochem. and Cytochem. 
27: 1384-1387. 

Sumner, A. 1972. A Simple Technique For Demonstrating Centromeric 
Heterochromatin. Exptl. Cell Res. 75: 304-306. 

Thaeler, C.S. Jr. 1974. Four Contacts Between Ranges of Different 
Chromosome Forms of the Thomomys ta I poi des Complex. Sy st. 
Zool. 23: 343-354. 

Thiebaud, C. and Fisch berg. 1977. DNA Content in the Genus 
Xenopus. Chromosoma 59: 253-257. 

Turner, C. L. 1933. Viviparity Superimposed Upon Ovoviviparity In 
The Goodeidae, A Family Of Cyprinodont Teleost Fishes Of The 
Mexican Plateau. J. Morphol. 55: 207-251. 

Vann E. 1966. The Fate of X-Ray Induced Chromosomal 
Rearrangements Rearrangements Introduced Into Laboratory 
Populations of Drosophila melanogaster. Amer. Nat. 100: 425-449. 

Vasiliev, V.P. 1980. Chromosome Numbers In Fish-Like Vertebrates 
and Fish. J. lchthyol. (Voprosy I khtiologii). 20(3): 1-37. 

Wallace, B. 1959. Influence of Genetic Systems on Geographical 
Distribution. In Cold Spring Harbor Symposia on Quantitative 
Biology. 24: 193-204. 

White, M.J.D. 1978a. Modes of Speciation. W.H. Freeman and 
Company. 

White, M.J.D. 1978b. Chain Processes In Chromosomal Speciation. 
Syst. Zool. 27: 285-298. 

White, M.J.D. 1973. Animal Cytology and Evolution. Cambridge 
University Press. pp. 198-311, 334-466. 



31 

White, M.J.D. 1968. Models of Speciation. Science 159: 1065-1070. 



The vita has been removed from 
the scanned document 



EXTREME CHROMOSOMAL DIFFERENTIATION IN THE 

GOODEID FISH GENUS ILYODON 

by 

Robert Andrew Worrell 

(ABSTRACT) 

The llyodon of the Rio Coahuayana river system (Colima and 

Jalisco, Mexico) have undergone extensive chromosomal differentiation 

without associated morphological differentiation. Two cytotypes 

differing by at least 6 fixed pericentric inversions were found. 

Hybrids between the two cytotypes produced in the laboratory were 

found to be fertile, indicating there is little or no heterozygote 

disadvantage associated with these inversions. 

Models depending primarily on drift and inbreeding to fix 

rearrangements were rejected because the apparent population 

structure makes them unlikely and the lack of a heterozygote 

disadvantage makes them unnecessary. Instead, it is concluded that 

selection differences operated to fix these inversions. 
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