INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may
be from any type of computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,
and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate
the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand corner and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in
reduced form at the back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6" x 9" black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly
to order.

University Microfilms International
A Bell & Howell Information Company

300 North Zeeb Road, Ann Arbor, MI 48106-1346 USA
313/761-4700 800/521-0600






Order Number 9127709

Comparative karyology in nine-primaried oscines (Aves)

Hobart, Holly Howard, Ph.D.
The University of Arisona, 1991

U-M-I

300 N. Zeeb Rd.
Ann Arbor, MI 48106






NOTE TO USERS

THE ORIGINAL DOCUMENT RECEIVED BY U.M.I. CONTAINED PAGES WITH
PHOTOGRAPHS WHICH MAY NOT REPRODUCE PROPERLY.

THIS REPRODUCTION IS THE BEST AVAILABLE COPY.






COMPARATIVE KARYOLOGY IN NINE-PRIMARIED OSCINES (AVES)

by
Holly Howard Hobart

A Dissertation Submitted to the Faculty of the
DEPARTMENT OF ECOLOGY AND EVOLUTIONARY BIOLOGY
In Partial Fulfillment of the Requirements
For the Degree of
DOCTOR OF PHILOSOPHY
In the Graduate College
THE UNIVERSITY OF ARIZONA

1991









ACKNOWLEDGEMENTS

I want to thank a number of individuals for their assistance during this
project. Some made larger contributions of time and effort than others, but all
helped the project to progress. Thanks to: Louis Banker, R. Bowers, J.B.
Dunning, Scott Horton, Tom Huels, Nora Mays, Yu Qi-Xing.

Kathy Groschupf introduced me to the problems of generic assignment in
Aimophila and Amphispiza, and provided her field expertise for collection of
these birds.

I especially want to thank A.D. Stock for his freely given advice and
expertise on the application of cytogenetic methods to the study of bird
chromosomes. I cleared several hurdles with aid of his technical knowledge and
personal encouragement.

The project benefitted from interactions I had with the members of my
committee during various episodes of the project. I thank O.G. Ward, S.M.
Russell, W.B. Heed, C.H. Lowe, J.E. Endrizzi, and R. Harris for their time even
though at times they were inconvenienced by giving it.

Funding was received from several sources: the Research Committee of
the American Ornithologists’ Union, the Chapman Fund of the American
Museum of Natural History, the Graduate College of the University of Arizona,
the Silliman Memorial Fund at the University of Arizona, and a Dissertation
Improvement Grant from the National Science Foundation. Without their
financial assistance the project would have been impossible.



TABLE OF CONTENTS

LIST OF ILLUSTRATIONS ... .. i ittt i it eeennn 7
LISTOF TABLES . ... ittt it et 8
ABSTRACT . i i i i i i e e e e e 9
INTRODUCTION . .\ttt ettt ettt ettt 11
The BIrds ...ttt it e e 11

The Karyological Method . .............. e 11

Avian Karyology ........c.ciiiiiiiiiiiiii it 12

The Problems .........c.iiiiiiiii i, 16
Peucedramus taeniatus, the Olive Warbler ............... 18

Icteria virens, the Yellow-breasted Chat. ................. 20

Amphispiza quinquestriata, the Five-striped Sparrow. ........ 21

Questions of broader scope . ......... .o 21

METHODS . ... it e e et ettt et 23
Field Methods . ...... ...ttt 23
Eggcollection ...... ..ottt 23

Collection of adult tisSues ..........covviievenneen... 25

Laboratory Protocols .............. .. 25
Culture procedures . .......ovviiiiinnenrnnennn, 25

Harvest of metaphase cells .......................... 28

Slide preparation . .........ccoiiiiiininnineeeeen... 30
Photomicrography ........... . . i, 30

ANalysis . o vt e e e e 31
RESULTS .. ittt ettt e e 32
Parulinae. The Wood Warblers. ................ciiiveenn... 32
Genus Dendroica. ............c.oiiiiiinnnenennnnn. 32

Myioborus pictus (Swainson), the Painted Redstart. ......... 35

Icteria virens, the Yellow-breasted Chat. ................. 35

Cardellina rubrifrons (Giraud), the Red-faced Warbler. . .. ... 37

Genus Vermivora. ............c.uiitiiiinnnnnenn.. 37

Peucedramus taeniatus, the Olive Warbler. ............... 40

Thraupinae. The tanagers ............. ... ... 41



Cardinalinae. The Cardinals, Grosbeaks and allies. .............. 41
Emberizinae. The New World Buntings and Sparrows. ........... 43
Genus Pipilo, the towhees. .. ....... ..., 43

Genus Amphispiza . ... ....... ettt ittt 46
GenusAimophila . ........ ... . . 0 i 48

Other Species ... .o ii it it i e 51
DISCUSSION .ot ittt ettt e et et i, 52
Parulinae. The Wocd Warblers. .......... ... oo, 58
Karyotype group 1. . ... o i, 59

Icteria virens, The Yellow-breasted Chat. ........... 59

Dendroica Speci€s. . .........oviii i 60

Myioborus pictus, the Painted Redstart. ............ 62

Cardellina rubrifrons, the Red-faced Warbler. ........ 62

Karyotype group 2. ...... .ot 63

Vermivora Speci€s. . ... ....vvviiiiiiiinnene... 63

Karyotype group 3. ... ..o it i e 64

Peucedramus taeniatus, the Olive Warbler. .......... 64

THRAUPINAE. The Tanagers. ........coveeeeienernneansenn 66
Genus Piranga. . ..........euouiiunne ot 66
CARDINALINAE. The cardinals, grosbeaks, and allies. .......... 72
EMBERIZINAE. . . ... it e i i it 74
Amphispiza quinquestriata, the Five-striped Sparrow. . ....... 74
CONCLUSIONS AND FUTURE DIRECTION . .................... 84
APPENDICES . . ... i et e e e 88

LITERATURE CITED ... ...ttt e e 95



FIGURE 1.

FIGURE 2.

FIGURE 3.

FIGURE 4.

FIGURE 5.

FIGURE 6.

FIGURE 7.

FIGURE 8.

FIGURE 9.

FIGURE 10.

LIST OF ILLUSTRATIONS

Partial standard karyotypes
of Parulinae ...........c. i, 33

C-banded partial karyotypes
of some Parulinae ...........ciiiiiiiiiiinnn, 39

Partial standard karyotypes
of Cardinalinae, Thraupinae,
and some other passerine birds... ........ ... 000 ..., 42

Partial standard karyotypes
of some Emberizinae. .................. o 44

Intrageneric relationships
inDendroica ..........cviiiiiiiiiiiiiinen. 61

Some intrageneric relationships
inVermivora ............ccoiiiiiiiiiiniiinnnan 65

Chromosomal relationships
inParulinae .......... ... i i iiiiiiiii, 67

Chromosomal evolution

inthetanagers. ........cciiiiiiiiiiiiiinnnnnnn. 69
One of the eight most parsimonious

arrangements of the fourtaxa... ................... 73
The three topologies for the most

parsimonious arrangement of the taxa.. .............. 75



LIST OF TABLES

TABLE 1. Composition of chromosome size groups
of some nine-primaried oscines ................... 34

TABLE 2. Diploid numbers (2n) of some species
of Emberizidae ............ ... oo i, 36

TABLE 3. Relative time of divergence vs.
karyotypicchange ............ ... i, 54

TABLE 4. Intraspecific polymorphisms for centro-
mere position in Nine-primaried Oscines ............ 56

TABLE 5. Pairwise intrageneric centromere
positionchanges ............. .. i, 77



ABSTRACT

The group known as the new world nine-primaried oscines is a large and
diverse group containing about 10% of the living species of birds. The group is
poorly known karyologically and phylogenetic relationships of some species
within the group remain uncertain.

In this paper, karyological data relating to the relationships of three
species are presented. The data is also useful for exploring the nature of
chromosomal evoluticn in birds.

Two species of Parulinae were studied, with other warblers for
comparison. Karyological data strongly supported removal of the Olive Warbler,
Peucedramus taeniatus, from Parulinae. The Yellow-breasted Chat, Icteria virens,
was found to be aberrant but properly a member of Parulinae. The genus
Dendroica was found karyotypically conservative, with no differences between
four species. The genus Vermivora was distinguished from other genera by large
blocks of heterochromatin at the centromeres of most macrochromosomes.

It appears that the Five-striped Sparrow, Amphispiza quinquestriata, is
properly placed in its genus according to analysis of a data set that combined
karyolc;gical and morphological data.

This work strongly suggests that Chromosomal evolution is decoupled
from the speciation process in Emberizidae. More intrageneric karyotypic

variation was found within Emberizinae than has been previously reported from
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any bird taxon. There was a great deal of karyotypic rearrangement between
species in Thraupinae and Cardinalinae. The rearrangements appear to be due
to pericentric inversion. The heteromorphisms in the karyotypes of A4.
quinquestriata and Pipilo erythrophthalmus when combined with reports of
heteromorphisms in other nine-primaried oscine species suggest this group has
mechanisms to avoid meiotic irregularities usually associated with pericentric
inversion.

Further karyological studies of the nine-primaried oscines are required to

improve our understanding of chromosomal evolution in the group.
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INTRODUCTION

The objectives of this project included the broad goal of assessing the
value of karyotypic data for discerning phylogenetic patterns in an unexplored
group of birds. The vehicle for approaching this goal is a set of systematic
problems that remain unsolved despite much study using more traditional
methods. The information gathered has yielded some insights into the nature of

chromosomal evolution in the avian Family Emberizidae.

THE BIRDS

Morphological and behavioral approaches have been unable to
convincingly answer questions regarding the phylogenetic relationships of three
species: the Olive Warbler, Peucedramus taeniatus (Du Bus de Gisignies), the
Yellow-breasted Chat, Icteria virens (Linnaeus), and the Five-striped Sparrow,
Amphispiza quinquestriata (Sclater and Salvin). To address this question,
comparative material was gathered that has permitted a survey of the pattern of
karyotypic variation in the family. A degree of karyotypic variation that is

previously unreported in any genus of birds was discovered.

THE KARYOLOGICAL METHOD
The value of karyological investigation as a tool for studying processes,

and results, of evolution is well-documented. Comparative karyological research
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has proven to be a highly successful contributor to inquiries into questions of
systematics, phylogeny, and evolution in some vertebrate groups (e.g. Miyamoto
1983). Spectacular results have been obtained in studies of amphibians, reptiles,
and mammals where cryptic species have been unmasked (e.g. Hyla
versicolor/Hyla chrysoscelis, Wasserman 1970), parthenogenetic species have been
shown to have previously-unsuspected hybrid origins (Cnemidophorus spp., Lowe
and Wright 1966), and sibling species essentially morphological twins have been
found to be easily distinguishable karyotypically (Mus musculus/M. poschiavinus,
cited in White 1978). Studies of evolution have been well-served by the data
generated by karyological work, leading to much conjecture about some modes
of evolution (for example, Stock and Hsu 1973, White 1978, Bickham and Baker
1979). There should be no reason why similar contributions cannot be made to

understanding the evolution of birds.

AVIAN KARYOLOGY

Though the earliest study of avian chromosomes (Guyer 1902, cited in De
Boer 1984) was contemporaneous with the publication of the papers responsible
for the chromosome theory of inheritance (see Swanson et al. 1981), far fewer
species of birds have been karyotyped than other vertebrate groups. For
instance, about 33% of mammalian species had been karyotyped by 1978 (White
1978), but fewer than 3% of bird species’ karyotypes were known by then

(Bulatova 1981). Avian karyotypic variation remains poorly known today; fewer
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than 9% of bird species have been karyotyped (De Boer 1984, Shields 1987, Bian
et al. 1988, this study), so avian karyotypic variation remains poorly known.

In addition, coverage of the two major divisions of birds is uneven. The
non-passerines are better represented (approx. 12%) than the passerines (about
6%). The commonly expressed opinibn that avian chromosomal evolution is
conservative, that there is little variation between closely related species, is based
on the results gleaned from this scanty and non-uniform coverage of the class.
There are interacting factors responsible for this state of affairs.

The state of avian karyology can be attributed to three causes: technology,
the nature of the avian chromosome set, and interest in the subject on the part
of cytologists and ornithologists.

The first factor, technology, has improved dramatically since the early
studies of bird chromosomes. Up to the mid-1950’s about 110 species of birds
were karyotyped using sectioned gonadal materials (De Boer 1984). These
preparations are difficult to study because they preserve the three dimensional
arrangement of the living nucleus and because chromosome morphology is
indistinct. The amount of material suitable for study is limited by the need for
actively dividing meiotic tissues, which is restricted in occurrence to breeding
seasons in most birds. In the middle 1950’s protocols for the colchicine-
hypotonic methods were introduced (Hsu, 1979). With these methods,
morphology is much more distinct and the chromosomes are arranged on a flat

plane as well. In addition the metaphase arrestor causes accumulation of
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metaphases and allows preparation of chromosomes from more-easily obtainable
mitotic materials. The advent of the colckicine-hypotonic methods stimulated a
great deal of cytological research into some groups of organisms. Though studies
of bird karyotypes increased in number, progress lagged behind studies of other
vertebrates. Why didn’t avian karyology flourish with the newer methods?

The second factor, the avian chromosome set itself, has had an effect
during both the earlier and later technological periods. The nature of the bird
chromosome set makes it more difficult to study than the chromosome sets of
some other organisms. There is less genetic méterial in the bird genome than in
most mammalian genomes (Venturini et al. 1986) and it is packaged into many
more, and therefore, smaller chromosomes than are most mammal genomes.

The average number of chromosomes for birds is about 80 and the range
of diploid numbers is about 50-126. Many of these chromosomes (25-30 pairs)
are very small, some as small (0.1-0.2 microns) as the resolution limit of the light
microscope. Discerning centromere location, an important morphological
feature, on these microchromosomes is often impossible. Even the seemingly
simple task of counting them is difficult. Microchromosomes may easily be lost
from the preparation, covered by another chromosome, or confused with cellular
debris that is present in many preparations. There are few of the easily-
compared, larger chromosomes (10-15 pairs). Extracting information under

these circumstances is difficult and discouraging. When the costs of getting



15
information exceed the perceived benefits of the information few people will
pursue that line of inquiry.

How does the third factor, scientific interest, contribute to the paucity of
bird karyotypes? Ornithologists, concerned with problems of evolution and
phylogenetic relationship, were unable to address those questions satisfactorily
with bird karyotypes. Results from avian karyology, won with difficulty, were
interpreted to mean that chromosomal evolution in birds was conservative, that
there was little or no change of karyotype between closely related species. There
seemed to be little reason to continue a survey that had already produced
unexciting results. There are many other, often easier and equally rewarding,
areas of study competing for the ornithologist’s effort. Likewise, cytologists
pursued other groups where interesting karyological results were easier to obtain.

Because few bird species were studied, little was known about karyotypic
variation in birds, and the little that was known was that there isn’t much
variation. Because there wasn’t much variation, there wasn’t much interest for
additional, difficult-to-do exploration, so the number of species studied remains
relatively low.

This negative synergism has resulted in broad, yet shallow and uneven
karyological coverage of avian taxa. De Boer (1984) cites references for
karyology from 25 of 26 Orders, 64 of 160 families, and 587 species in 406 of the
approximately 2050 genera (Morony et al. 1975). However, the most speciose

order of birds, Passeriformes, is underrepresented in the karyological literature.
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Comprising about 60% of living species of birds and 62 of the 160 families (De
Boer 1984), the passerines are represented by approximately 6% of their species,
as opposed to 12% of non-passerines. This is unfortunate because if there is
interesting karyotypic variation to be found the passerines would be the first
place to look.

Passeriformes is the most recently radiated of bird orders. Evidence for
this is found in the very close genetic distances between passerine species as
generated by DNA hybridization experiments, and in the difficulties systematists
have had placing some passerines with their closest relatives. The fact that the
non-passerines are better represented karyologically means that our estimates of
karyotypic diversity are biased, based on samples from older lineages that may
have slowed in rate of diversification. Consequently, birds are generally regarded
as conservative with respect to chromosomal evolution, although roughly 5% of
studied species are polymorphic for features of the karyotype (Shields 1982).

Perhaps not coincidentally, most of these species are passerine.

THE PROBLEMS

The groups of birds chosen for this study, the Parulinae and the
Emberizinae, are of particular systematic interest because some relationships of
the groups remain controversial despite considerable study. Karyological data

are lacking for the species of interest and for many of their close relatives (De
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Boer 1984). Bbth groups are members of the family Emberizidae, which
constitutes a large portion of the New World nine-primaried oscines.

The New World nine-primaried oscines is a large group of species,
comprising about 10% of all living species of birds (Raikow 1978, Sibley and
Abhlquist 1990). The family Emberizidae is a major part of the group as it is
usually constituted, containing 60% (Gill 1990) to 80% (Sibley and Ahlquist
(1990) of the approximately 925-1000 species. Long considered a closely related
group of taxa (Raikow 1978, Sibley and Ahlquist 1990), recent rigorous
treatments of osteological (George 1962, 1968; Bock 1962), myological (George
1962, Raikow 1978), and nucleic acid (Sibley and Ahlquist 1990) data have
convincingly demonstrated the monophyly of the nine-primaried oscines. This
means any karyotypic differences between taxa must have arisen since the
radiation of the group began.

Though linked by common ancestry, the nine-primaried oscines include
many enigmatic species, taxa of uncertain affinities (Raikow 1978, American
Ornithologists’ Union (AOU) 1983, Sibley and Ahlquist 1990). The nucleic acid
data set collected by Sibley and Ahlquist (1990) at once demonstrates the
problem and suggests an explanation for the inability of systematists to fully
understand the phylogeny of the group. As an example, the genera Volatinia and
Sicalis have been considered emberizine finches (AOU 1983) because they are
seedeaters. Genetic distance data from DNA-DNA hybridization experiments

(Sibley and Ahlquist 1990) firmly places both genera in Thraupinae, the tanagers,
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ecologically a frugivore/insectivore group (Raikow 1978, Isler and Isler 1987).
Apparently the radiation of the nine-primaried oscines has been so rapid that the
separate lineages have converged into each others’ group of niches and assumed
the feeding adaptations necessary to exploit those niches.

Within the nine-primaried oscines, two enigmatic species, currently
considered paruline, may not be wood warblers at all. Concerning the two
species (see below), the evidence casting doubt on the placement of the Olive
Warbler, Peucedramus taeniatus, (George 1962, 1968; Raikow 1978) seems
stronger than the evidence for removing the Yellow-breasted Chat, Icteria virens,
from the Parulinae (Ficken and Ficken 1962, Raikow 1978, Avise et al. 1980). A
third enigmatic group of species, the genera Amphispiza and Aimophila, may
actually be monophyletic and therefore mergeable (Monson and Phillips 1981).
The most immediate question from this group of species, beyond their
distinction, is that of the nearest relatives of Amphispiza quinquestriata

(McKitrick 1981).

Peucedramus taeniatus, the Olive Warbler.
Originally described by Giraud in 1841 as Sylvia olivacea (Zimmer 1948),
the Olive Warbler has enjoyed a controversial taxonomic history. The species
was known by several scientific names until 1948 when the currently accepted

name came into usage (Ridgway 1902, Miller and Griscom 1925, Zimmer 1948).
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The systematic placement of this species remains controversial. As
originally named it was a de facto member of the Sylviinae, the Old World
Warblers. Later citations of the same species from the 1800’s assign it to
Dendroica or Mniotilta, both of which are genera of the modern-day Parulinae,
the wood warblers (Ridgway 1902). Some ornithologists have considered the
bird to be closely related to the Turdinae (cited in Webster 1962), but Webster
(1958) firmly believed Peucedramus to be a paruline to the point of agreeing with
Griscom and Sprunt’s proposal (1957) to merge the genus into Dendroica. Later,
after reviewing skin and skull evidence, Webster (1962) equivocated, concluding
that more evidence was needed to settle the question.

George (1962) examined the hyoid apparatus of Peucedramus and 355
other species of New World songbirds from 176 genera, as well as the jaw
musculature of 188 of the same species. George investigated other aspects of
the species and found several additional ways in which the Olive Warbler differs
from the wood warblers. These differences include nest construction,
vocalizations, and nest sanitation. He concluded that Peucedramus was not a
member of the New World nine-primaried oscines, much less a member of their
subgroup, the Parulinae. He (George 1962) recommended its placement,
incertae cedis, in the Old World family Muscicapidae. Subsequently, George
(1968) examined the basihyale of an additional 88 spp. from 54 genera of the

New World nine-primaried oscines and found, as before, that the condition of
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the Olive Warbler appears to be unique among this group of its
supposed relatives.

More recently, other authors have described characters that separate the
wood warblers and Peucedramus. Clark’s (1974) studies of the foot scutes of
oscines demonstrated differences between the Olive Warbler and Parulinae
though he was unable to place the species. Raikow (1978) investigated features
of the appendicular musculature of the New World nine-primaried oscines and
found several differences between Peucedramus and the parulines. Recent
DNA-DNA hybridization experiments indicate the relationships of Peucedramus

lie elsewhere than within the Parulinae (Sibley and Ahlquist 1990).

Icteria virens, the Yellow-breasted Chat.

Icteria virens has been variously considered a member of the Pipridae, the
Vireonidae, and the Coerebinae (Bent 1963), but is now usually considered a
member of Parulinae. Doubts about the current placement of this species (AOU
1983) exist because in several ways it is quite different from the rest of the
parulines (Eisenmann 1962). Far larger than any other paruline, it also posesses
a large bill, a different arrangement of the hyoid and jaw apparatus (but see
George 1962 p. 14), a nest unlike that of other parulines, and shows different
behaviors, all of which seem to set it apart from the group (Ficken and Ficken
1962). Recent myological (Raikow 1978) and protein (Avise et al. 1980) studies

have pointed out additional ways that Icteria differs from typical parulines.
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Almost all authors have suggested additional study of this species to determine

its proper placement.

Amphispiza quinquestriata, the Five-striped Sparrow.

The current generic assignment of A. quinquestriata is controversial
(AOU 1983). The species and its relatives, in the genera Amphispiza and
Aimophila, are incompletely known and their position in the subfamily
Emberizinae is uncertain. The more recent works on these species include those
of Storer (1955), Wolf’s 1977 monograph, and the M.S. thesis of McKitrick
(1981). Of these, only McKitrick included much information on placement of
quinquestriata, which was a member of Aimophila at that time. She concluded
that osteological and plumage evidence warranted removal of quinquestriata from

Aimophila.

Questions of Broader Scope
Though modest, the work here represents the largest single karyological
survey of a family of birds. Since comparative material for approaching the
questions posed was collected in a phylogenetic framework and there are some
related species reported in the literature, additional conclusions may be teased
from the results.
Additional interesting and addressable questions concern the constancy of

karyotypic evolution in various taxa of birds. There are data yielding estimates
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of the rates of evolution of genomic DNA in birds (Sibley and Ahlquist 1990).
These estimates can be used to estimate the time of divergence of the taxa of
interest and then the number of chromosomal changes considered to estimate
the rates of chromosomal change. The comparative materials collected for this
project include species from four subfamilies of Emberizidae: Parulinae (the
wood warblers), Thraupinae (the tanagers), Cardinalinae (the grosbeaks and

allies), Emberizinae (New World buntings and sparrows).
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METHODS

There were two distinct but interdependent phases to this project. One
phase was field-oriented, the other was laboratory-oriented. The goals of the
field work were to identify and then collect the best material possible for
karyotyping. Depending upon the species, this meant collecting fertile eggs or
adults for culturable materials. The goals of laboratory portion of the project
were to obtain chromosome preparations of metaphase-stage, mitotic cells and to

document the results of staining these chromosomes.

FIELD METHODS

Since laboratory work had shown that embryonic tissues provided by far
the best material for successful culture and harvest, field work concentrated on
locating active nests of the desired species. For some species nests were not
located, were inaccessible, or no longer held eggs. Under these circumstances, it
was necessary to collect individuals from which to take samples of internal organs
for initiation of cultures. Either course of action required locating and correctly

identifying adults.

Egg Collection
During the breeding season, breeding pairs of the species of interest were

sought out in order to locate their nests. Nests were found in all stages of the
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nesting cycle from early stages of construction to fledging of the nestlings. Once
species identification of the nest was established and the stage of nesting known,
the developing eggs were collected at an appropriate time. Eight to ten days
into the 12-13 day incubation period is the best time to take eggs. At this stage,
embryos are large with rapidly growing appendages and are relatively free of
feathers. It was possible to "candle" the eggs in order to get a rough idea of
their development.

At the estimated best time, the eggs were collected for transport to the
lab. A few drops of water were put in the transport container to boost humidity,
but this water was not allowed to contact the eggs. Insulated boxes maintained
temperatures in the the range of 20°-37°C. The time from collection of the eggs
to arrival at the lab was minimized and generally was 1-2 hours.

In the laboratory the eggs were candled to check for mortality and stage
of development. If development was not optimal they were placed in a 37°C
incubator, inside a container with a little moisture, to continue development.
However, the success rate for these was lower than for eggs at the optimal stage
of development. If the embryos were at the correct stage of development they
were processed for culture as soon as possible. Dead embryos were immediately

processed for culture, surprisingly often with success.



25
Collection of Adult Tissues
For some species eggs were not available as a source of culturable

materials. Adults and nestlings were collected. There were no appreciable
differences in culture results from either adults or nestlings. Whenever possible
birds were returned to the lab for removal of tissues because the chances of
contamination during tissue removal were much greater in the field. When the
adults were dead or dying, tissues were removed at once and as aseptically as
possible. In the field, the tissues were placed in an isotonic or culture medium
(see notes on solutions and reagents, Appendix A, hereafter "notes") with 1x-2x
levels of antibiotics ("notes") and transported on ice. In the laboratory, tissue
treatment was similar but the exposure time to antibiotics was shortened. All
tissues were again rinsed in isotonic solution plus antibiotics before being minced

for culture.

LABORATORY PROTOCOLS
Laboratory procedures used were modified from protocols published by

van Tuinen and Valentine (1983) and Goodman et al. (1985).

Culture Procedures
Before opening eggs, they were wiped with a 5 ml/l solution of Roccal
disinfectant (“notes"). Immediately after disinfection the eggs were opened

aseptically, the embryo was removed, and tissues selected for initiating cultures.
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Appendages and heart provided sufficient rapidly growing tissue for
initiation of fibroblast cultures from older embryos. From younger embryos
more of the embryo wés included. The growing feathers found on older embryos
were excluded. The selected tissues were wetted with a drop or two of isotonic
solution ("notes") to retard drying and minced finely with two disposable scalpel
blades worked in a criss-cross manner. The minced tissues were transferred to a
centrifuge tube containing collagenase ("notes") (1-2 ml for 5-10 min.) to
complete tissue dissociation. During collagenase treatment tissues were aspirated
with a Pasteur pipette to hasten breakdown of clumps. Cold Hank’s Balanced
Salt Solution (BSS) without calcium and magnesium ("notes") was added to stop
the action of the collagenase. Centrifugation and removal of the supernatant
completed collagenase treatment.

The button of cells and small tissue clumps were carefully placed in 25
cm? tissue culture flasks. The number of flasks used depended on the size of the
button. Cells and tissue pieces were spread thickly on the growth surface of the
dry flask and then the flask was slowly tipped onto its end and the liquids
allowed to drain for 15-30 minutes. Cells and tissue clumps adhere more
strongly to the flask after this treatment, enhancing subsequent outgrowth of
cells. Culture medium ("notes") was added carefully to minimize detachment of
clumps from the flask.

The planted flasks were placed in a 37°C incubator with a CO,-enriched

atmosphere (5% CO,). The caps were loosened to permit equilibration of the
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flask’s gases with those of the incubator. After about an hour the caps were
tightened. The flasks were left closed except for subsequent feedings.

Flasks were checked for cell attachment, growth, and signs of
contamination after 12-24 hours in the incubator, and every 1-3 days thereafter.
A Zeiss inverted microscope with both 160X phase-contrast and 25X brightfield
optics was used to inspect the flasks.

Medium was replaced when pH change indicated that it was exhausted.
Depending on the size of the cell population and rate of growth, feeding took
place every 2-7 days. Two different sizes of culture flasks were used, 25 cm® and
75 cm? The smaller flask was fed with approximately 5ml of medium and the
larger, 10-12 ml.

Tissues collected from adults were kidney, lung, and heart. Even when
these were removed in the lab under aseptic conditions, prophylactic precautions
were taken. The tissues were rinsed several times in an isotonic solution with
elevated levels (2x-4x) of Gentamicin antibiotic ("notes"); the antimycotic
Fungizone ("notes")(1x-2x) was included for lung tissues. After rinsing, these
were handled as were embryonic tissues. Usually, a normal dose (1x) of
Gentamicin was included in the first two or three changes of culture medium,
then discontinued.

Most cultures were subcultured to produce larger populations of cells for
harvest and to preserve part of the cell line for future use. The subbing

technique was basically identical to regular harvest procedures except for
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omission of metaphase inhibitor. The harvested cell button was placed in fresh
medium in new culture flasks. Several small flasks can be plénted or the
contents of a small flask can be placed in a larger flask. To preserve cultures,
the decanted cell button was suspended in a freezing medium ("notes"), frozen to
a temperature below -80°C at a controlled rate then stored at that temperature
or below. When needed, the cells were removed from cold storage, thawed
quickly and planted in a flask with an equal volume of fresh medium. By the
following day most cells had attached and the medium was changed completely

to remove cryoprotectant. Thereafter the culture was treated as any other.

Harvest of Metaphase Cells

Harvest followed standard techniques with modification as follows.

Cultures were deemed ready for harvest when the cell layer in the flask
was approaching confluence and many mitoses were observed. Usually these
flasks were fed 18-24 hours before harvest.

Two different mitotic inhibitors were used to accumulate cells at
metaphase. Colcemid was added in very small doses ("notes") for periods of 45
min-2 hr before the harvest began. Alternatively, vinblastine was added for
longer times in slightly larger doses ("notes").

Fibroblasts were harvested with trypsin or trypsin-EDTA solution
("notes"). First, the growth medium was poured into a centrifuge tube and

Hank’s BSS ("notes") without calcium and magnesium (Hank’s BSS-) was added
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to the flask. This rinse was removed after 3-10 min and replaced with fresh
Hank’s BSS-. After a minute or two, this was removed and 1-2 ml of trypsin
placed in the flask. The flask was returned to the incubator for 3-4 min, then
checked under the inverted microscope for detachment of the cells. After most
cells had detached the growth medium was returned to the flask to quench
tryptic activity. Medium and cells were removed from the flask, placed in a
centrifuge tube and sedimented. Without disturbing the pelleted cells, all but the
meniscus of medium was removed and then the button was dispersed in that
small amount of medium.

Pre-warmed hypotonic solution ("notes") was added to the resuspended
button and the tube was placed in a 37°C water bath for 16-20 minutes. At the
end of the hypotonic treatment the cells were centrifuged at 150x g for 8 minutes
and all but about 0.1 ml of the hypotonic was removed without disturbing the
button.

The‘ delicate, swollen cells were aspirated very gently with a Pasteur
pipette to resuspend them in the remaining hypotonic. Freshly prepared fixative
("notes") was added at this time. Ice-cold fix (1-2 ml) was added by letting single
drops dribble slowly down the sides of the tube. Two more milliliters of cold fix
were added carefully without disturbing the cells, then the tube was placed on ice
for 1-4 hours. Afterwards, the cells were aspirated very gently with a Pasteur
pipette to disperse them thoroughly. Centrifugation at 150x g for 8 minutes

pelleted the fixed cells. Old fix was decanted and the cells were resuspended
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and washed in two more changes of cold fixative before making the final

suspension for preparing microscope slides.

Slide Preparation

Slides were cleaned in 95% ethanol and wiped dry before placing cells on
them. A drop or two of cell suspension was dropped on horizontal, distilled
water-wetted slides and allowed to spread. When surface spreading had stopped,
the slides were placed on end and allowed to dry. Height of the dropping
procedure was adjusted as needed to produce well-spread metaphases.

Prepared slides were stained with a 2% solution of Giemsa in phosphate
buffer ("notes") for 4-6 min. to reveal chromosomes suitable for standard
karyotypes.

C-banded preparations were produced following Lee and Elder’s (1980)
modifications of the techniques of Arrighi and Hsu (1971) and Sumner (1971).
Deviations from Lee and Elder’s methods included using saturated BaOH at

37°C and staining with 4% Giemsa in phosphate buffer for 4-8 minutes.

Photomicrography
Photomicrographs were recorded on Kodak film, either 2415 Technical
Pan or Panatomic X. The 100x objective was used wherever spreading of the
chromosomes permitted, otherwise a 50x or 54x objective was used and the

subsequent prints enlarged accordingly.
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ANALYSIS

Karyotypes were prepared from the photographic prints by cutting out
and arranging the individual chromosomes into pairs. Each pair was matched by
relative size and centromere position.

Karyotypic comparisons were based on the assumption that relative size
position within the compared karyotypes was the best estimator for homology.
This is shown to be valid for closely related species by the findings of Stock and
Bunch (1982) and van Tuinen and Valentine (1986). When there were more
than one pair of similar sized chromosomes, centromere position was used to
determine the homologous pairing.

To test for correlation between time of divergence and the number of
interspecific chromosomal differences the Spearman’s rank cecefficient was used,
a non-parametric measure (Zar 1974). The test was based on differences of
centromere position between species pairs and the relative time of divergence
from the most recent common ancestor of the pair (from Sibley and Ahlquist
1990). The number of comparisons was limited by the limited overlap of the two
data sets. I assumed divergence of all species within a genus began no earlier
than divergence of a genus from its nearest neighbor. Under this assumption,
one member of a genus could calibrate maximum divergence times for all
members of the genus.

Karyotypic relationships were determined using the computer program

PAUP (Swofford 1990) to generate most parsimonious branching diagrams.
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RESULTS

PARULINAE. THE WOOD WARBLERS.
Genus Dendroica.

There were no significant differences among the partial standard
karyotypes (hereafter partial standard karyotype = karyotype) of the three
species of Dendroica, either in chromosomal size relationships in each species
(Table 1), or in chromosome morphology (Figure 1d, le, 1f). There may have
been a difference in diploid number (Table 2), but the evidence supporting a
difference was weak. The seven pairs of macrochromosomes were grouped into
three size groups by similarities of size and the thirty to thirty-one pairs of
microchromosomes made up the fourth size group.

The Z chromosome was tentatively identified as an unpaired
macrochromosome in D. petechia (Linneaus), the Yellow Warbler, (Figure 1f). It
was a member of chromosome size group III and had the most median
centromere of the group. D. coronata (Linneaus), the Yellow-rumped Warbler,
and D. graciae Baird, Grace’s Warbler, each had a pair of chromosomes with size
and morphology (Figure 1d, 1e) corresponding to the Z of D. petechia. The W
chromosome of the Yellow Warbler was a microchromosome of undetermined
morphology.

In some preparations of D. petechia, D. coronata, and D. graciae a few

microchromosomes were seen to have secondary constrictions, suggestive of
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TABLE 1. Composition of chromosome size groups of some nine-
primaried oscines. Based on relative size within the karyotype of a
species, groups are bounded by large changes in size. Within size
groups, relative size changes are small. Commas border the size gaps,
dashes indicate very small, or no, size difference between adjacent
chromosome pairs.

CHROMOSOME PAIR NUMBER

SIZE GROUPS I II III v Veoo
PARULINAE
V. virginiae 1, ,2-3, ,4-5-6-7, ,8-9-10, ,11
V. ruficapilla 1, ,2-3, y4=5-6-7, ,8-9-10, ,11
V. luciae 1, ,2-3, ,4-5-6-7, ,8-9-10-11
D. petechia 1, ,2-3, ,4-5-6-7, ,8-9-10-11
D. coronata 1, ,2-3, ,4-5-6-7, ,8-9-10-11
D. graciae 1, ,2-3, y4-5-6-17, ,8-9-10-11
Icteria 1, ,2-3, ,4-5-6-7, ,8-9-10-11
Myioborus 1, ,2-3, ,4-5-6-7, ,8-9-10
Cardellina 1, »2-3, »4-5-6-7, ,8-9-10-11
Peucedramus 1, ,2-3-4, ', ,6-7, »8
THRAUPINAE
Piranga rubra 1, ,2-3, b, ,5-6-7, ,8-9~-10, ,11
P. flava 1, ,2-3, b, ,5-6-7, 8-9-10, ,b11
CARDINALINAE
Pheucticus melano. 1, ,2-3, y4=5-6-7, ,8-9-10-11
Cardinalis sinuata 1, ,2-3-4, ,9-6-7, ,8-9-10
EMBERIZINAE
Pipilo aberti , ,2-3, b, ,5-6-7, ,8-9-10-11
P. fuscus R ,2-3, 2a, ,5-6-7, ,8-9, ,b10
P. erythrophthalmus 1, ,2-3, ,4-5-6-7, ,8-9-10, ,11-12
Amphispiza belli , ,2-3, y b, ,9-6-7-8, ,9-10, ,1l1
Am. bilineata ’ ,2-3, y4-5-6-7, ,8, ,9-10-11, ,12

Am. quinquestriata ,4-5-6-7-8, ,9-10
Aimophila carpalis
Ai. botterii

Ai. cassinii

2~

2-3, .4, ,5-6-7, ,8-9-10-11-12...
2-3, ,4=5-6-17, ,8-9-10-11-12...
2-3, 4, ,5-6-7-8-9-10...-15, ,16

b et b e S s et

“ e -
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nucleolus organizing regions (NORs). Two to four microchromosomes of the
Yellow Warbler carried satellites, two of these microchromosomes were larger
than the others. Two very small, satellited microchromosomes were observed

both in Grace’s Warbler and in the Yellow-rumped Warbler.

Myioborus pictus, the Painted Redstart.

There were no significant differences between the partial karyotype of
Myioborus pictus (Swainson)(Figure 1h) and those of the three Dendroica species.
Chromosome size relationships (Table 1) and chromosomal morphologies in the
Painted Redstart were the same as in Dendroica. The diploid number was
similar (Table 2). The Z sex chromosome was identifiable as an unpaired
macrochromosome in females. It had a relative size and a morphology (Figure
1h #4) very similar to the Z chromosome of D. petechia. The W chromosome

was a microchromosome of undetermined morphology.

Icteria virens, the Yellow-breasted Chat.

There were no significant differences between Icteria macrochromosomes
(Figure 1i) and the macrochromosomes of the Dendroica species, but there were
morphological differences in the microchromosomes. Chromosome pairs
#8,9,and 10, the largest of the microchromosomes, had more median
centromeres than the largest microchrdmosomes of Dendroica and Myioborus.

Relative size changes delimiting size groups were the same (Table 1). The
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TABLE 2. Diploid numbers (2n) of some species of Emberizidae with
number of cells and individuals inspected.

SPECIES 2n MODE* Number of Counts N
PARULINAE
Vermivora luciae 78-80 80 (3) 23 (4)
V. ruficapilla 80 80 (5) 11 (1)
V. virginiae 78-80 79 (3) 6 (2)
Dendroica graciae 78-80 78,80 (2@) 10 (1)
D. petechia 80 80 (7) 20 (1)
D. coronata 78 78 (3) 13 (3)
Myioborus pictus 78-80 79 (4) 12 (2)
Cardellina rubrifrons 78-80 79,80 (3@) 13 (4)
Icteria virens 80 80 (6) 23 (4)
Peucedramus taeniatus 80 80 (9) 22

(1)
THRAUPINAE
Piranga flava 78 78 (5) 12 (1)
CARDINALINAE
Pheucticus melano. 80-82 80,82 (2 @) 4 (1)
Cardinalis sinuata 78-80 79 (9) 33 (1)
EMBERIZINAE
Pipilo aberti 78-80 80 (4) 29 (2)
P. fuscus 78-80 78,80 (6@) 38 (2)
P. erythrophthalmus 84+ (Jovanovié¢ and Atkins 1969) (1)*
Amphispiza belli 78-82 78,80,82 (2@) 8 (2)
Am, bilineata 78 78 (8) 27 (2)
Am. quinquestriata 76-807 no mode 11 (1)
Aimophila botterii 78-80 80 (2) 6 (1)
Ai. carpalis 78-80 80 (5) 26 (2)
Ai, cassinii 78-80 77,80 (6@) 28 (1)

* The modal count and the size of the mode in parentheses. The size
compared to the number of counts gives an indication of confidence in
the diploid number determination.

* Though the diploid number is from published work, one individual was
karyotyped in this project.

@ = each

N = The number of individuals included in this study.
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diploid number fell in the range of those of Dendroica species (Table 2). In one
individual, there was an unpaired size group III chromosome. This chromosome
had the most median centromere position in Icteria size group III. This
corresponds to the approximate size and morphology of the Z of D. petechia.
Two small microchromosomes had the satellited structure suggestive of NORs,

but satellites were not consistently visible in standard-stained preparations.

Cardellina rubrifrons, the Red-faced Warbler.

The karyotype of Cardellina rubrifrons (Giraud) is similar to those of
Dendroica, Myioborus, and Icteria, with one exception (Figure 1g). In
chromosomal size group III, one of the more-telocentric pairs of chromosomes
has undergone a centromere position change to a less-telocentric morphology.
Instead of the two more-telocentric and two more-metacentric pattern of the
other species, Cardellina has three more-metacentric chromosomes and one
more-telocentric chromosome in size group III. Otherwise, size changes (Table
1), diploid number (Table 2) and sex chromosomes were similar to those of the

other warblers.

Genus Vermivora.
In some respects, the karyotypes of the Vermivora species (Figure 1a, 1b,
1c) resembled those of Dendroica spp. Relative size changes and size group
composition were the same (Table 1). Diploid numbers were similar (Table 2).

Comparisons of chromosome morphology were difficult because the centromeric
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regions of many chromosomes were obscured. In V. luciae (Cooper), Lucy’s
Warbler (Figure 1a), and V. ruficapilla (Wilson), the Nashville Warbler, (Figure
1b), elongated constrictions were present, while in Virginia’s Warbler, V. virginiae
(Baird), (Figure 1c), the primary constriction was often not defined. Sometimes
an elongation of the constricted region was observed in V. virginiae, but never as
extensively as in the other species. In one metaphase cell of Virginia’s Warbler
where the centromeres were defined, poor separation of chromosomes hindered
comparisons. The largest chromosome of this metaphase approximated the
morphology of Dendroica #1, whereas smaller macrochromosomes appeared to
be much more metacentric than corresponding Dendroica.

In Lucy’s Warbler and the Nashville Warbler some of the
macrochromosomes sometimes exhibited a defined centromere (e.g. Figure 1a,
one of the #3 chromosomes; Figure 1b, pair #3). I was able to locate the
centromeres of the remaining macrochromosomes to the region of the elongated
constriction by C-banding. I assumed that this technique would reveal each
centromere as a small heterochromatic region. Most centromeres of other
parulines responded in this way (Figure 2), so the assumption seems a
reasonable one. There were no small, localized regions of heterochromatin
demonstrated, only large blocks that correspond to the elongated constrictions in
Vermivora standard karyotypes. Precise centromere locations were obscured
inside the C-banded region. Measurements of the extent of the heterochromatic

regions permitted a range of possible centromere locations to be
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determined. With this information, it was possible to test the hypothesis that
morphologies of the macrochromosomes of the Vermivora species were the same
as those of Dendroica. The test did not reject the hypothesis for V. luciae and V.
ruficapilla, but did suggest differences between chromosome pairs #2,3,4 of D.
coronata and V. virginiae. The ranges of possible centromere locations in
macrochromosomes of Lucy’s Warbler and Nashville Warbler are large; for some
individual chromosomes the range of possible arm ratios is as great as 1.6 to
10.9. With this degree of uncertainty of centromere position, rejection of
hypotheses of similarity of chromosomal morphology would not be expected very
often. In situ hybridization with a centromeric probe would precisely locate the
centromere, but that was beyond the scope of this project.

Virginia’s Warbler had two microchromosomes with satellites, suggesting
those chromosomes were the sites of the nucleolus organizing regions. A
tetraploid cell of Lucy’s Warbler had 4 very small microchromosomes with
satellites. Many cells of the Nashville Warbler had one obviously satellited

microchromosome, but several cells had two.

Peucedramus taeniatus, the Olive Warbler.
The karyotype of Peucedramus taeniatus (Figure 1j) was different from the
karyotypes of all other parulines, except for diploid number (Table 2). It was
different in relative size relationships (Table 1). It differed by centromere

position for several macrochromosomes. Chromosome pair #4 was distinctly
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different from the macrochromosomes of any paruline, even when compared to
V. luciae chromosomes which, because of the elongated centromeres, could share
the centromere position. Though not so obvious as #4, Peucedramus pairs #2,3,
and 5 were more metacentric than the macrochromosomes of corresponding size
in other wood warblers. Chromosome pair #1 was more acrocentric than

other warblers.

THRAUPINAE. THE TANAGERS.

The Hepatic Tanager, Piranga flava, (Veillot) (Figure 3d) and the
Summer Tanager, P. rubra, (Linnaeus) (Figure 3c), had identical standard
karyotypes, at least to chromosome pair #11. All macrochromosomes but one,
#1, were more acrocentric than metacentric. The sex chromosomes were not
identified unequivocally. The diploid number of P. flava was 2n = 78-80 (Table
2), but was not determined for P. rubra. In P. rubra there were at least two small
microchromosomes with satellites.

The partial standard karyotypes of the tanagers appeared to be identical

to those of Dendroica, except for the relative size of #4 (Table 1).

CARDINALINAE. THE CARDINALS, GROSBEAKS, AND ALLIES.
The Pyrrhuloxia, Cardinalis sinuata Bonaparte, (Figure 3a) and the Black-

headed Grosbeak, Pheucticus melanocephalus (Swainson), (Figure 3b) had
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FIGURE 3. Partial standard karyotypes of Cardinalinae, Thraupinae,
and some other passerine birds and cne non-passerine bird.
Cardinalinae: a) Cardinalis sinuata, b) Pheucticus melanocephalus,
Thraupinae: c) Piranga rubra, d) P. flava, Passerines: e) Carduelis
psaltria, Fringillidae, f) Psaltriparus minimus, Aegithalidae,

g) Polioptila melanura, Muscicapidae, h) Toxostoma curvirostre,
Mimidae, Non-passerine:i) Caprimulgis sp., Caprimulgidae. Note
that the karyotypes of the species e-i contain only a couple of
more-metacentric chromosome pairs, the rest of the macrochromosomes
are more-telocentric.
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karyotypes that were significantly different from the warblers, and there were
differences between the two species of Cardinalinae. Pheucticus and C. sinuata
differed in relative size relationships and size group composition (Table 1),
centromere positions (Figure 3a, 3b) and probably diploid numbers (Table 2).
Size and morphology differences were most apparent comparing the fourth
largest chromosomes. In Pheucticus the metacentric chromosome #4 was clearly
a member of size group III, while the Pyrrhuloxia #4 was closer to group II in
size and was submetacentric. Chromosome pairs #2,3, and S of the grosbeak
were more telocentric than the corresponding pairs of the Pyrrhuloxia.

The Z chromosome of Pheucticus was a metacentric size group III |
chromosome, #4 in relative size. The Z was not identified for C. sinuata. The
W of Pheucticus appeared to be a metacentric microchromosome.

Two small microchromosomes of Cardinalis had satellites.

EMBERIZINAE. THE NEW WORLD BUNTINGS AND SPARROWS.

Genus Pipilo, the Towhees.

Of the three species studied, the karyotype of the Rufous-sided Towhee,

Pipilo erythrophthalmus (Linnaeus), (Figure 4i) has been previously reported
(Jovanovi¢ and Atkins 1969). Abert’s Towhee, Pipilo aberti Baird, (Figure 4g)
and the Brown Towhee, P. fuscus Swainson, (Figure 4h) were more like each
other than either was like P. erythrophthalmus. There were no significant
differences between the Abert’s and Brown Towhees in the seven largest

chromosomes.



44

al) BT TR TR T PR
“ (R NIRRT

cﬂ TR U (R U TR TRTRY

)} OV IR 5 s e

[‘ ll i] it l‘ 8 33 83 3% 83 ag 83 s

.J, ” i} l' “ il ;t"n 'u it n

{\ i) u DI 00 56 o0 ue ot s e

” Moii i i (O TR
)Li; PR TIF TR

FIGURE 4. Partial standard karyotypes of some Emberizinae.

a) Amphispiza belli, b) Am. bilineata, c) Am. quinquestriata,

d) Aimophila carpalis, e) Ai. botterii, f) Ai. cassinii, g) Pipilo
aberti, h) P. fuscus, i) P. erythrophthalmus.
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Chromosomal morphologies and relative size relationships (Table 1) were the
same. Diploid numbers were the same (Table 2). The Rufous-sided Towhee
differed from both species by diploid number (Table 2) as well as size group
relationships (Table 1) and chromosomal morphologies. Only chromosome pairs
#1 and #7 did not differ. Within erythrophthalmus there was a centric
heteromorphism in pair #2 and possibly in pair #3. The pair #2
heteromorphism is evident in the karyotypes presented by Jovanovic and Atkins
(1969) when their mispairings are corrected.

The sex chromosomes of two species, P. aberti and P. fuscus, have been
identified, and the sex chromosomes of P. erythrophthalmus have been tentatively
identified (Jovanovi¢ and Atkins 1969, this study). The Z chromosome was the
fourth largest macrochromosome of Abert’s (Figure 4g #4) and Brown Towhees
(Figure 4h #4). It was intermedia;te in size between size group II and the group
composed of chromosomes #5,6, and 7. The differences between the Z and the
other macrochromosomes were great enough to place the Z in its own size
group. For these two species, the W chromosome was identified unequivocally
by C-banding. For both species, it was intermediate in size between the seventh
largest macrochromosome pair and the largest of the microchromosomes.
Morphologically, the W chromosomes of the two species were slightly different
with the P. fuscus W (not figured) having a slightly more median centromere
than P. aberti (Figure 4g). P. erythrophthalmus has two chromosomes that

correspond to the sex chromosomes of the other two species in relative size and
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centromere position. Tentatively identified as the Z chromosome (Figure 4i #4),
the largest of the size group III chromosomes has a centromere position closely
approximating that of the Z of P. aberti and P. fuscus. The other unpaired
macrochromosome in P. erythrophthalmus (Jovanovi¢ and Atkins 1969, not
figured here) is the smallest of the macrochromosomes and is very acrocentric,
approximating the morphology of the W of the other towhees.

One or two microchromosomes had satellites in all three species. In P.
erythrophthalmus, the satellited microchromosomes were among the smaller
microchromosomes. In P. aberti and P. fuscus the microchromosomes were

medium-sized.

Genus Amphispiza

There were several significant karyological differences among Amphispiza
belli (Cassin) (Figure 4a), A. bilineata (Cassin) (Figure 4b), and A4. quinquestriata
(Figure 4c) in chromosomal morphology and relative size relationships (Table 1).
There were at least six centromere position differences between species in any
pairwise comparison of homologous chromosomes. There was no strong
evidence for major differences of diploid number among the species (Table 2),
but there were suggestions of small differences of one or two pairs between the
species.

The Sage Sparrow, A. belli, possessed elongated primary constrictions on

many of its macrochromosomes (Figure 4a). These served to distinguish the
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Sage Sparrow karyotype from the other members of the genus. C-banded
preparations (not shown) revealed that these elongated constrictions were the
locations of large blocks of heterochromatin. As a result, localization of the
centromeres and assignment to categories of chromosomal morphology were
difficult. The largest chromosome pair was clearly submetacentric. Size group II
consisted of two pairs of chromosomes, the larger of the two was submetacentric,
with a range of possible centromere positions in the elongated constriction. The
third largest chromosome pair appeared most of the time to be subtelocentric,
but the constriction was large enough to allow the possibility of a submetacentric
morphology. Size group IfI contained the rest of the macrochromosomes. One
of these had a centromere probably located very near the center of the
chromosome, if not at the center. Three pairs usually appeared to be
subtelocentric, and the smallest of the macrochromosomes was telocentric or
very nearly so. The Z chromosome was tentatively identified as the most
metacentric and largest member of size group III.

The karyotype of the Black-throated Sparrow, A. bilineata, (Figure 4b)
lacked the elongated constrictions of the karyotype of the Sage Sparrow. Except
for chromosome pairs #2,4, and 8, the morphologies of the macrochromosomes
of A. bilineata could match those of 4. belli if the centromeres of A. belli were at
the distal extremes of the elongated constrictions. The majority of the
macrochromosomes were acrocentric, but pairs #1,4, and 8 were

more-metacentric. Composition of the size groups was essentially the same as
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for the Sage Sparrow (Table 1). The break in size between the
macrochromosomes and the microchromosomes was not as distinct as in
other species.

Amphispiza quinquestriata, the Five-striped Sparrow, (Figure 4c) was
noticeably different from the other two species. Both relative size relationships
and centromere positions were the basis for this distinctiveness. Size group I
contained the largest two pairs of chromosomes, as opposed to a single pair of
chromosomes in group I for all other species studied. The largest pair of
chromosomes was heteromorphic for centromere position. The morphology of
either member of chromosome pair #1 was much more acrocentric than any
other emberizid chromosome #1. Size group II consisted of one pair of
metacentric chromosomes. Size group III held five chromosome pairs. Most of
the macrochromosomes were acrocentric, the exceptions being chromosome pairs

#3,6, and 8.

Genus Aimophila
The three species in this genus had more chromosomal variation in their
partial karyotypes than other genera of emberizids. The variability was not due
to changes in diploid number (Table 2), but to changes in centromere position
(Figure 4d, 4e, 4f) and to variations in relative size relationships (Table 1).
There were at least six centromere position differences between Cassin’s

Sparrow, Aimophila cassinii, and Botterii’s Sparrow, Aimophila botterii, at least
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ten centromere position differences between Cassin’s Sparrow and the Rufous-
winged Sparrow, 4. carpalis, and at least seven differences between the Rufous-
winged Sparrow and Botterii’s Sparrow. A. carpalis had a karyotype that
superficially resembled many other passerine karyotypes (see Figure 3 e,f,g, and
h), with two metacentric macrochromosomes and five acrocentric ones.
Aimaophila cassinii, on the other extreme, had a karyotype made up almost
entirely of metacentric chromosomes.

Aimophila carpalis had seven pairs of macrochromosomes (Figure 4d). In
this species there were four size groups of macrochromosomes (Table 1). The
fourth largest pair was intermediate in size between size group II and size group
IV. There was a distinct break in size between the macrochromosomes and the
microchromosomes. Chromosomal morphology was evident well down into the
microchromosomes.

One pair of medium-sized microchromosomes were satellited in the
clearest preparations.

Sex chromosomes were not identified.

The standard karyotype of Aimophila botterii (Figure 4e) differed
significantly from that of A4. carpalis in both centromere position and relative size
changes (Table 1). There was one additional metacentric chromosome in
Botterii’s Sparrow (Figure 4e) compared to A. carpalis, approximately seventh in
size. The largest chromosome pair of botterii was more metacentric than the

largest chromosome of the Rufous-winged Sparrow. In size group II, the
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acrocentric chromosome was much less telocentric than the corresponding
chromosome in A. carpalis. Chromosome pairs #4,5,6, and 7 were members of
size group III in A. botterii. There was a smaller difference in relative size
between the smallest macrochromosome and the largest microchromosome of
Botterii’s Sparrow than in the Rufous-winged Sparrow. Chromosome
. morphology was clearly revealed into the microchromosomes and several were
more metacentric than their A. carpalis counterparts. Satellites were observed
on a pair of the smallest A. botterii microchromosomes.

The karyotype of Cassin’s Sparrow, Aimophila cassinii, (Figure 4f) was
found to be the most metacentric of any passerine yet reported. Twelve of the
largest 14 pairs were metacentric or submetacentric, one of the exceptions was
the Z chromosome, and the other was a macrochromosome morphologically at
the boundary between the submetacentric and subtelocentric categories.
Comparing relative size relationships (Table 1) with the other two Aimophila
Spp., cassinii had a single-member size group between size groups II and IV as
did carpalis. There was little difference in size between chromosome pairs #7
and #8, making the distinction between macrochromosomes and
microchromosomes arbitrary for this species. The largest relative size change in
size group IV occurred between chromosome pairs #15 and #16.

The sex chromosomes were identified tentatively. The Z was found to be
approximately fifth in relative size and subtelocentric. The W was a telocentric

chromosome approximately fourteenth in relative size.
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Satellites were observed on one pair of the smallest Cassin’s Sparrow

microchromosomes.

OTHER SPECIES

Several other species outside Emberizidae were karyotyped for
comparative purposes. They were Carduelis psaltria (Say) Fringillidae (Figure
3e), Psaltriparus minimus (Townsend) Paridae (Figure 3f), Polioptila melanura
Lawrence Muscicapidae (Figure 3g), Toxostoma curvirostre (Swainson) Mimidae
(Figure 3h), and the non-passerine Caprimulgis sp. (Figure 3i). The point to
note is that these species karyotypes are mostly acrocentric, with only one or two

metacentric chromosome pairs.
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DISCUSSION

The amount of intrageneric chromosomal variation of karyotype found in
the species presented here runs the gamut from essentially none (Dendroica spp.,
Piranga spp.) to more than has been reported within any avian genus
(Amphispiza and Aimophila). Combination of these data with published
emberizid data reveals parallel patterns at the subfamily level--some taxa have
little karyotypic variation (Parulinae), others have considerably more
(Thraupinae, Cardinalinae, Emberizinae).

These results may provide some clues to phylogenetic relationships,
despite the low level of resolution inherent in the partial standard karyotype.
The karyotypic results were especially useful when combined with other data
sets, providing corroboration of one or more of the many possible branching
diagram solutions.

The most recent data set pertaining to bird phylogeny is from Sibley and
Ahlquist’s (1990) work on DNA hybridization and it too is more useful in
combination with other data sets. Their arrangement of clades appears to be
defined as much by other lines of evidence as by their own DNA work. In a few
instances, the DNA data reveal grossly misplaced taxa (e.g. Cathartidae, the New
World vultures), or help clear up particularly obstinate problems (e.g. placement

of Phoenicopteridae, the flamingos), but is mostly congruent with the accepted
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general pattern. This suggests that most of the classification of birds is correct
and can be used as a starting point for the analysis of karyotypic variation.

It is possible that the rate of karyotypic change in birds is constant, or
very nearly so. After all, most closely related species have few karyotypic
differences between them (Bulatova 1981, Shields 1982). If the rate of change is
constant, then the differing amounts of karyotypic variation within taxa of
Emberizidae are due to the length of time since divergence; longer times have
yielded more karyotypic differences than have shorter times. This hypothesis
should be testable using the DNA hybridization data (Sibley and Ahlquist 1990).
One assumption is needed: that the rate of divergence of DNA sequences is
nearly equal across all the lineages in question. This may not be unreasonable,
when considering comparisons of family level and below taxa (Bledsoe 1987).
The statistic delta Ts,H can be used as a relative time of divergence for various
interspecific comparisons.

Comparison of the relative time of divergence to the number of
centromere position changes for a species pair is presented in Table 3.
Estimation of the absolute time of divergence would be even more interesting
because that would allow correlation of the speciation event with climatic events
such as glaciation. Calibration of delta Ty H has been elusive but is apparently
dependent on age at first breeding (Sibley and Ahlquist 1990), and for passerines

is estimated to be 2-3 million years for one unit delta TsH.
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TABLE 3. Relative time of divergence vs. karyotypic change.
Interspecific comparisons of number of centromere position changes and
DNA hybridization distances (Sibley and Ahlquist 1990) in Emberizidae.

COMPARISON # CHANGES delta Tsoh

Sicalis flaveola to Thraupis palmarum
Piranga spp.
Thraupis sayaca
Coereba flaveola
Ramphocelus carbo
Volatinia jacarina
Schistoclamys melanopsis
Schistoclamys ruficapilla
Schistoclamys melanopsis to Piranga
T. palmarum
T. sayaca
Volatinia
Ramphocelus
Coereba
Schistoclamys ruficapilla
Schistoclamys ruficapilla to Piranga
T. palmarum
T. sayaca
Volatinia
Ramphocelus
Coereba
Volatinia to T. palmarum
T. sayaca
Piranga
Ramphocelus
Coereba
Ramphocelus to T. palmarum
T. sayaca
Piranga
Coereba
Coereba to T. palmarum
T. sayaca
Piranga
T. palmarum to T. sayaca
Piranga
T. sayaca to Piranga
Cardinalis cardinalis to Pheucticus melanopsis
Agelaius phoeniceus to Leistes militaris
Icteria virens to Dendroica
Myioborus
Dendroica to Myioborus
Dendroica

max.

NOOOROOTOONONNNOONNNOONNYNOONNOOUNOONNOONOOONWOW

max.

% % % % %
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max. ¥

*Interspecific karyotypic differences used in the Spearman Rank Test.
The test result was: Accept the null hypothesis there is no
correlation between relative time of divergence and number of

karyotypic differences.
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Those intrageneric centromere position changes of emberizids that have
been investigated in detail are due to pericentric inversions. Thfs is unusual
because accumulation of pericentric inversion differences between species
requires polymorphism for centromere position before fixation of the variant can
occur. Pericentric inversion polymorphisms are considered to reduce fertility
because crossing-over during meiosis results in formation of dicentric’
chromosomes and acentric fragments (Swanson et al. 1981).

Several species cf Emberizidae are polymorphic for centromere position.
The best known examples are the White-throated Sparrow, Zonotrichia albicollis
(Thorneycroft 1975) and Dark-eyed Junco, Junco hyemalis (Shields 1976).
Meiotic studies of a number of males produced metaphase I figures consistent
with pericentric inversion and evidence of suppression of the expected meiotic
irregularities. Fewer chiasmata are observed on the chromosome pairs
possessing the polymorphism. There is a parallel for this situation in the rodent
genus Peromyscus (Baker et al. 1987), avoidance of meiotic irregularities is more
than just a curiosity of a group of birds.

This project has uncovered additional species possessing polymorphisms
for centromere position, in Pipilo erythrophthalmus, the Rufous-sided Towhee,
and in Amphispiza quinquestriata, the Five-striped Sparrow. The nine-primaried
oscines have more species with centric polymorphisms (Table 4) than all other

taxa of birds combined (Shields 1982).
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TABLE 4. Intraspecific polymorphisms for centromere position in Nine~
primaried Oscines.

SPECIES CITATION

EMBERIZINAE

Amphispiza quinquestriata this study

Cardinalis cardinalis Bass 1975

Junco hyemalis (2 pairs polymorphic) Shields 1973

Pipilo erythrophthalmus this study

Spizella arborea
Zonotrichia albicollis
Zonotrichia capensis

(2 pairs)
(2 pairs)

FRINGILLIDAE
Carduelis chloris

Carduelis sinica
Fringilla montifringilla

Shields 1982
Thorneycroft 1975
de Lucca and Rocha 1985

Hammar and Herlin 1975
Bian et al. 1988
Bian et al. 1988
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If meiotic irregularites are essentially eliminated by some intrinsic
mechanism in bird taxa, how does this affect predictions on fixation processes for
new arrangements? Negative heterosis would be no longer a concern, so the
rearrangement might spread through the population as a neutral allele would.
Could heteromorphism for a pericentric inversion be neutral to selection?
Within inverted regions there will be maintenance of linkage groups of certain
alleles if suppression of recombination restores meiotic regularity. Favorable
combinations would not be disrupted. This might result in a positive heterotic
effect, hastening spread of a chromosomal rearrangement. Of course, at some
point the "new" arrangement would become frequent enough to be found in
homozygous condition and presumably become reinvolved in recombination.

Supposition of positive effects of heterosis for centromere position may be
carrying the idea too far. On the other hand, the White-throated Sparrow
demonstrates negative assortative mating, promoting retention of the
heterozygous condition for one of its two chromosome pairs demonstrating
polymorphism (Thorneycroft 1975). Polymorphisms in plumage and aggressive
behavior are associated with possession of a particular chromosomal morph.
This certainly suggests a positive effect for a heteromorphism in this species.

What would the consequences be if the effect were neutral? Could there
be an ecological component in the equation? Is it possible that population

crashes in bad years greatly enhance fixation by drift or founder effect? If so,
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repeated climatic cycles could establish a number of chromosome variants

relatively quickly.

PARULINAE. THE WOOD WARBLERS.

Comparative karyology shows that of the several subfamilies of
Emberizidae examined in the present study, Parulinae (excluding Peucedramus)
had the least karyotypic variation. Paruline karyotypic variation most closely
approximates the general condition of karyotypic conservatism described for
most taxa of birds (Bulatova 1981, Shields 1982). Within Emberizidae, only
Geospizinae (Darwin’s finches) has less karyotypic variation (Jo 1983).

Within the Parulinae, three karyotype groups (hereafter karyogroups) of
species were found. The first group of species had little interspecific variation.
Among this first group, Icteria and Cardellina differed slightly from Dendroica
spp. and Myioborus (Figure 1 and Results). The second group, Vermivora spp.,
was separable from the rest of the subfamily by possession of large
pericentromeric blocks of heterochromatin on most macrochromosomes (Figure
2). These blocks were apparent even in standard karyotypes (Figure 1 and
Results). Peucedramus alone makes up the third group because it was so
different (Figure 1). I believe the karyology supports removal of the species

from the Parulinae as suggested (George 1962, 1968; Sibley and Ahlquist 1990).
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Karyotype Group 1.

Icteria virens, four Dendroica species, Myioborus pictus, and Cardellina
rubrifrons made up the first karyo-group of wood warblers. Within this group
there is a minimal amount of chromosomal variation (Figure 1). All four
Dendroica spp. and Myioborus had identical partial standard karyotypes.
Cardellina differed from Dendroica and Myioborus by one centromere position
change in size group III. Icteria was the species least like the others. It had
three centromere position differences in large microchromosomes. Available
evidence from protein electrophoresis (Barrowclough and Corbin 1978, Avise et
al. 1980) and DNA hybridization (Sibley and Ahlquist 1982, 1990) is congruent

with this karyotypic evidence.

Icteria virens, The Yellow-breasted Chat.

Icteria was the most divergent karyotypically of the species included in the
first group of Parulinae. Icteria is the most divergent warbler according to other
lines of evidence as well. Behavioral (Ficken and Ficken 1962), protein (Avise et
al. 1980), and DNA hybridization (Sibley and Ahlquist 1990) data have
demonstrated the divergence of the Chat. Some authors suggested it would be
more properly placed elsewhere (reviewed in Sibley and Ahlquist 1982).

The karyotypic evidence is not helpful for resolving the issue. Though the
differences between Icteria and the other first group warblers might support

removal of Icteria from the Parulinae, there were significant differences between
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the first group and Vermivora also, differences that weaken the argument for
removal of Icteria. Additionally, karyotypic evidence was unable to indicate a
more appropriate placement for Icteria. The Chat was at least as different
karyotypically from species in one suggested alternative placement, in the

tanagers (Ficken and Ficken 1962), as it was from Dendroica and Vermivora.

Dendroica species.

The genus Dendroica showed no variation in karyotype. There were no
differences between the three species figured here (Figure 1) and the two
metaphases of D. townsendi, Townsend’s Warbler, that I inspected (not figured).
This result agrees with the long-accepted view that the karyotypes of closely
related species of birds do not differ much, if at all (Shields 1982, Takagi and
Sasaki 1974).

The finding of four identical partial karyotypes in Dendroica is particularly
interesting because current ideas about intrageneric relationships (Mayr and
Short 1970) place all four species in different lineages (Figure 5). The low
amount of karyotypic variation in Dendroica is paralleled by low amounts of
protein (Avise et al. 1980) and DNA (Sibley and Ahlquist 1990) variation. The
average genetic distance for proteins (Nei’s D = 0.43) is near the lower end of
the typical range for congeneric interspecific comparisons (Marten and Johnson
1986). The DNA ilybridization distance measure, delta T H, is 1.2 for the last
common ancestor of Dendroica and Vermivora, and 0.1 for two Dendroica species

(Sibley and Ahlquist 1990, p. 869). These figures compare with
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a mean delta TsH X = 2.25 (n = 194, s.d. = 1.41) for congeneric interspecific
comparisons within all groups of oscines. All of this evidence--cytogenetic,
protein, and nucleic acid--strongly supports the view that the speciose Dendroica
(27 spp.) has radiated relatively recently and quickly.

Speciation in Dendroica has been postulated to be closely associated with
periods of glaciation in North America (Mengel 1964). Widely distributed
ancestral species retreated into allopatric patches of favorable habitat during
glaciations and underwent reductions in population size. Successive waves of
colonization from the refugia re-introduced newly reproductively isolated
populations during subsequent interglacial periods.

The low levels of genetic differentiation, and records of naturally
occurring hybrids (Cockrum 1952) suggest that reproductive isolation is based on
behavior or plumage or similar factors rather than genetic incompatibility.
Because the four species here do not have any detectable differences in partial
standard karyotype, and because they represent four separate lineages, I expect
the unstudied members of the genus are karyotypically identical, or are very

close, to those presented here.

Myioborus pictus, the Painted Redstart.
Cardellina rubrifrons, the Red-faced Warbler.
The karyotypes of Myioborus and Cardellina raise no questions about the

species’ membership in Parulinae. DNA evidence (Sibley and Ahlquist 1990, p.
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869) firmly places Myioborus in Parulinae. The karyotypic identity of Myioborus
and Dendroica indicates that the karyotype is ancestral in Dendroica. Cardellina
is essentially identical, the one difference may be an autapomorphy distinguishing
the species, or it may be a synapomorphy of a branch off the main warbler stem.
Further studies, including karyology, are needed to clarify the phylogenetic

positions of Cardellina and Myioborus.

Karyotype Group IL

Vermivora Species.

The second karyo-group of Parulinae contained species of the genus
Vermivora. The Vermivora synapomorphy-- possession of large blocks of
heterochromatin--supports recognition of a distinction between this genus and
Dendroica though the two genera are closely related (AOU 1983). DNA
hybridization studies agree, placing Vermivora and Dendroica as distinct sister
clades (Sibley and Ahlquist 1990, p. 869) and as the most recently differentiated
of the warbler genera. The genetic distance measure (delta Ts,H = 1.2) is the
smallest intergeneric distance in the Parulinae and is well within the range of
values for congeneric interspecific comparisons of oscines (range = 0.1-7.8, x =
2.25, SD = 1.41, n = 194). Genetic distances from protein electrophoresis
(Barrowclough and Corbin 1978, Avise et al. 1980) also separate Vermivora and
Dendroica, but with two genera intervening so that Vermivora and Dendroica are

not sister taxa. Karyotypic relationships within Vermivora were difficult to
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discern because the centromeric heterochromatin obscures the exact location of
the centromere. However, since the centromere is located somewhere within the
heterochromatin, some information can be extracted. Measurements of the C+
blocks suggest that V. luciae and V. ruficapilla might have centromeric positions
identical to those of Dendroica. Centromere positions of Virginia’s Warbler
chromosomes #2,3,4 probably differ from Dendroica.

Current opinions (Mayr and Short 1970, AOU 1983) on the phylogenetic
relationships in Vermivora are figured (Figure 6); Lucy’s Warbler is more
distantly related to each of the other species than either of them is to each other.
The observation that V. ruficapilla and V. luciae karyotypes resemble each other
suggests that current concepts of intrageneric relationships are incorrect, or

alternatively, the karyotypes of Vermivora spp. are more variable than those of

Dendroica.

Karyotype Group IIL
Peucedramus taeniatus, the Olive Warbler.
The third section of Parulinae contained only Peucedramus taeniatus. The

karyotype of Peucedramus was distinctly different from all other parulines, with
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FIGURE 6. Some intrageneric relationships in Vermivora. V. luciae and
V. ruficapilla are more similar to each other karyotypically than
either is to V. virginiae.
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the remotely possible exception of V. virginiae which had obscured centromere
locations. None of my karyotypes of nine-primaried oscines closely resembled
the karyotype of the Olive Warbler. Considering the low amount of karyotypic
variation in the other parulines, Peucedramus probably is misplaced here. This
was not a surprising result in light of the evidence from Sibley and Ahlquist’s
(1990 p. 869) DNA hybridization work and from the studies of George (1962,
1968). The chromosomal evidence supports removal of Peucedramus from
Parulinae (Figure 7). The current karyology did not provide sufficient evidence

to place Peucedramus with closer relatives.

THRAUPINAE. THE TANAGERS.
Genus Piranga.

The finding of no karyotypic variation in the two species of tanager
included in this study is not surprising. Piranga flava and P. rubra are closely
related, probably as members of a superspecies (Mayr and Short 1970). The
similarity of the Piranga karyotypes (Figure 2) with those of Dendroica was not
expected. The similarity could result from either of two evolutionary pathways.
The first is that the identical karyotypes could be from a common ancestor. The
second is that the two groups have converged to a common morphology for
partial standard karyotype. I believe existing evidence favors the first alternative.

There is much more karyotypic variation in Thraupinae than found in this

small sample. The subfamily is large (240+ spp., Isler and Isler 1987) and of
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largely neotropical distribution. Piranga is the only widespread genus of tanagers
north of Mexico, and is represented here by four of its 9-11 species. de Lucca
(1974a, 1974b, 1977) and de Lucca and Chamma (1977) have reported the
karyotypes of 10 species of tanagers from 8 other genera. The variation they
found in partial standard karyotypes was considerably greater than what would
be expected if avian karyotypic evolution is generally conservative. None of the
published karyotypes is identical to any other published tanager karyotype.
There were 5 and 6 differences in centromere position between congeneric
species in the two genera where such comparisons were possible, Thraupis and
Schistoclamys. In contrast, Thraupis palmarum has a partial standard karyotype
identical to the karyotype of both Piranga spp. and to the Dendroica karyotypes.

To analyze the pattern of karyotypic evolution in this group, I arranged
the genera on a branching diagram (Figure 8), following Sibley and Ahlquist
(1990, p. 870). In their arrangement, Piranga, Coereba, and Thraupis are
neighbors and they are early branches off the stem, suggesting little karyotypic
change during the differentiation of the generic ancestors. Since the warblers
have retained a similar karyotype from their common ancestor, I believe the
subfamilial ancestors are likely to have shared that same karyotype. An
alternative explanation would be that there has been convergence of karyotypic
morphologies within the tanagers and toward the warblers. Postulation of the
number of changes required for such convergence is less parsimonious than
retention of an ancestral arrangement, making convergence a less appealing

explanation for karyotypic similarities within Tharaupinae.
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FIGURE 8. Chromosomal evolution in the tanagers. a) One of the most
parsimonious trees arranged by PAUP (Swofford 1990). b) A re-
arrangement based on the branching diagram of Sibley and Ahlquist
(1990). This tree is substantially longer than the most parsimonious
tree. Removal of both T. sayaca and Sch. melanopsis greatly reduces
the length of the tree, to about 50% of original length. Most
chromosomal changes in this group have taken place in those two
species since they split from their congener.
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On the other hand, the large amount of karyotypic variation in the rest of the
tanagers is evidence supporting a choice of the less parsimonious explanation.
Sibley and Ahlquists’ results include several additional genera not karyotyped.
Karyologies of these genera would be helpful for choosing convergence or
retention as the pathway to the current pattern of karyotypic variation.

I used PAUP (Swofford 1990) to arrange the Thraupinae karyotypic data
into most parsimonious branching diagrams. Passer domesticus was included as
an outgroup for rooting the trees. The 102 resulting cladograms were consistent
in a couple of features. Every one of these most parsimonious trees split the
genera Thraupis and Schistoclamys. Thraupis palmarum and T. sayaca were
placed on opposite sides of the tree, as were Schistoclamys melanopsis and S.
ruficapilla. All trees except one grouped four species together--Schistoclamys
melanopsis, Thraupis sayaca, Stephanophorus diademata, and Sicalis flaveola.
Sometimes these four species constituted an entire clade, sometimes another
species was included in the clade. Using only karyological information these
species were clearly closest relatives. Since the species differ by morphological
characters such as plumage, and by DNA hybridization studies (Sibley and
Ahlquist 1990), it is unlikely that the karyotypic information accurately reflects
the phylogeny. If the DNA distance data accurately depicts the phylogeny, then
the logical conclusion is that this group of birds has undergone a large amount of
karyotypic change, with congeneric species differentiating and members of

separate genera converging. Assuming the DNA differences arose in a clocklike



71
manner, it is possible to estimate rates of karyotypic change within Thraupinae.
According to the DNA data (Sibley and Ahlquist 1990), Schistoclamys diverged
" from its nearest neighbor 6-9 million years ago. The six differences in
centromere position between the two species must have occurred at a rate of at
least one difference fixed per 2-3 million years per lineage. Similarly for
Thraupis, in the 8-12 million years that Thraupis has been generically distinct,
there must have been a rate of at least one change per 4-6 million years per
lineage. The rate doubles if we conclude that the similar karyotype shared by T.
palmarum and Piranga is the ancestral karyotype. If so, all karyotypic change has
occurred in the lineage leading to T. sayaca. In contrast, the lack of detectable
differences between Piranga and Thraupis palmarum (separated by 9-14 million
years) is evidence of a very low rate of karyotypic evolution.

In fact, manipulation of the tanager branching diagrams (Figure 8)
demonstrates the disparate rates between congeners. The tree arranged
following Sibley and Ahlquist (1990) has the congeners placed as sister taxa.
Depending upon which of the congeneric species are removed, the length of the
overall tree changes a little or a lot. When T. palmarum is removed the tree
shortens by one or two steps. When T. sayaca is removed the tree length
changes by four or five steps. The same result obtains when Schistoclamys
species are removed, one changes the tree a little, the other shortens it by
several additional steps. Most of the chromosomal changes have ocurred in one

lineage.



72

Depending on the species chosen for study, entirely opposite conclusions
would be drawn about karyotypic evolution in Thraupinae. Study only Piranga
spp. and maybe Thraupis palmarum and the evidence is clear--very few
differences exist between species in the tanagers. Investigate both Thraupis
species and both Schistoclamys species and the evidence is clear (but different)--a
lot of karyotypic differences exist between species of tanagers. The only
conclusion possible, based on current knowledge, is that karyotypic evolution in
Thraupinae spans the range from very little to a lot. How much is our current

belief of karyotypic conservatism in birds based on similar sampling problems?

CARDINALINAE. THE CARDINALS, GROSBEAKS, AND ALLIES.

The two species of Cardinalinae studied, Cardinalis sinuata and Pheucticus
melanocephalus, double the number of karyologically known species. They differ
by four centromere position changes (Figure 2). Comparing these two species to
those from thev literature, Cardinalis cardinalis and Saltator maximus, there are
four centromere position changes between the Cardinalis species, five between
Saltator and Cardinalis sinuata, and four between Saltator and C. cardinalis.

The data were arranged into most parsimonious cladograms using PAUP.
There were eight of these arrangements (Figure 9), four of which could be

congruent with current opinion (AOU 1983) on cardinalinine relationships.
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FIGURE 9. One of the eight most parsimonious arrangements of the four
taxa of Cardinalinae based on karyotypic data. This is one of the
four trees that were congruent with current ideas on cardinalinine

relationships (AOU 1983).
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EMBERIZINAE.
Amphispiza quinquestriata, the Five-striped Sparrow.

The original question prompting study of the emberizines was that of the
generic assignment of the Five-striped Sparrow. Morphological data suggested
that quinquestriata most properly was a member of the genus Amphispiza, but
not without controversy (AOU 1983). The PAUP search for all most
parsimonious arrangements using morphological characters yielded 107 trees, all
of which placed quinquestriata between the two Amphispiza species and outside
of Aimophila. The unrooted diagrams suggested either a paraphyletic
Amphispiza or if the root actually fell between Amphispiza and Aimophila, then
quinquestriata was as Amohispiza, as concluded by McKitrick (1981).

The same analysis was performed using only chromosomal characters.
The results were 46 equally parsimonious trees, and an even more equivocal
placement of quinquestriata.

When the two data sets were combined, the 153 trees produced
individually with the data sets were reduced to three trees. All three solutions
placed quinquestriata in Amphispiza (Figure 10). Since the relative weightings of
the characters has an impact on the results of the analysis, I manipulated the
data set looking for an inflection point where one or the other of the data sets
would overwhelm the other. I felt this was necessary because there more
characters in the morphological data set than in the chromosomal set, resulting

in a de facto weighting of the morphological set about 50% more than the
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FIGURE 10. The three topologies for the most parsimonious arrangement
of the taxa of Aimophila and Amphispiza using combined morphological
and karyotypic data sets. All three trees place quinquestriata in
Amphispiza.
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chromosomes. I had obtained my three trees after adjusting the individual
character weights so that each set of characters was weighted equally, i.e. the
chromosome set equalled the morphological set. This could have introduced a
bias into the analysis, so I varied the weighting of individual characters to the
extremes allowed by the program, to check the robustness of the result. The
same three trees came out of the analysis, no matter what the weightings of the
characters in these two data sets. The result from the combined data set is
robust. There are some differences in branch points, but quinquestriata is always
an Amphispiza.

The other species of emberizines collected as comparative material are
karyologically interesting far beyond their value as comparative material for
settling the placement of the Five-striped Sparrow.

The strikingly different karyotype of Aimophila cassinii (Figure 3) is
unique among bird karyotypes--twelve of the fourteen largest chromosomes are
metacentric (in a broad sense). The Ai. cassinii karyotype is a standout in a
karyologically unique group of species, members of the genera Aimophila,
Amphispiza, and Pipilo. These three genera are among the karyotypically most
diverse of birds (Table 5). Only the genus Pytilia (Estrildidae, Christidis 1983)
matches the variation found in Aimophila and Amphispiza. Several other
estrildid genera (Christidis 1986a, 1986b) match the slightly lower levels of
variation in Aimophila, Amphispiza, and Pipilo. Karyotypic variation extended to

intraspecific polymorphisms in two of the nine emberizine species studied here.
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TABLE 5. Pairwise intrageneric centromere position changes among the
largest chromosomes of some Emberizinae and some Estrildidae.

SPECIES TO #CHANGES /##CHROMOSOME
PAIRS
EMBERIZINAE
Pipilo erythrophthalmus P, aberti 6/9
P. fuscus 6/9
P, aberti P, fuscus 2/9
Amphispiza belli Am. quinquestriata 8/9
Am. bilineata 6/9
Aimophila botterii Ai. carpalis 5/9
Ai. cassinii 6/9
Ai, cassinii Ai, carpalis 8/9
ESTRILDIDAE
Poephila personata P. bichenovii 7/9
P, guttata 5/10
P, guttata P. acuticauda 5/9
Neochmia phaeton N. ruficauda 7/9
Emblema guttata E. picta 7/9
Amandina erythrocephala A. fasciata 5/11
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This is approximately four times the amount of karyotypic polymorphism (22%
vs. 5.6%) reported in a survey of 286 species (Shields 1982).

What significance does this amount of karyotypic variation have? First,
the statement that birds are karyotypically conservative can no longer be
unquestioningly accepted. Second, it will no longer be necessary, as some have
done, to invoke negative heterosis as a step in the genesis and fixation of
karyotypic change, and a different set of theory pertains under these conditions.
Of equal importance, it implies that one or more mechanisms for accelerating
the rate of karyotypic change exist and raises questions of ecological involvement
in this acceleration.

There is no doubt that a large number of chromosome morphology
changes exist between some species of passerine birds. Christidis (1983) first
reported differences of this magnitude in Pytilia and later found similar amounts
of karyotypic variation in other species of the Estrildidae (Christidis 1986a,
1986b). The results here broaden the impact of his work because Estrildidae
and Emberizinae are from lineages that have been separated by twenty to thirty
million years (Sibley and Ahlquist 1990) and both taxa have near relatives that
demonstrate low levels of karyotypic differentiation. The existence of similar
patterns of karyotypic variation in two disparate groups suggests that there may
be other groups with unusual amounts of variation awaiting discovery. The
results of this survey from the tanagers and cardinals suggest they would be good

candidates for a place to start looking. -
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The problem of establishment of chromosome variants in birds has been
approached from the point of view that heterozygotes must suffer meiotic
problems and reduced fecundity (Barrowclough and Shields 1984). This is not
necessarily so. The increased number of intraspecific polymorphisms in
Emberizidae and especially Emberizinae suggests reduction of negative effects in
this group. Cytogenetic studies of two species of emberizines, the White-
throated Sparrow, Zonotrichia albicollis, (Thorneycroft 1975) and the Dark-eyed
Junco, Junco hyemalis, (Shields 1976) revealed a mechanism for avoiding meiotic
problems. In both species chiasma formation in heterozygous chromosome pairs
is reduced to a small portion of the paired chromosomes. Pairing is regular but
alignment of the chromosomes is unusual with the short arm of the more-
telocentric chromosome pairing with one of the long arms of the more-
metacentric chromosome. In this way dicentric and fragmentary chromosomes,
and the resulting fertility problems, are eliminated. Chromosome variants not
subject to cytogenetic negative heterosis effects would spread through a
population as would a neutral allele at least until other population genetic
factors begin to operate.

White (1978) suggested four factors as candidates for agents of fixation of
new chromosome arrangements. These are meiotic drive, genetic drift,
inbreeding, and a selective advantage for the new homozygote. Since the
heterozygote does not appear to suffer a meiotic fitness disadvantage, for

Zonotrichia (or emberizines in general) the selective advantage must be due to
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ecological factors if any advantage does exist. There is no evidence to support
claims of gene-level selective advantage of a homozygous chromosome
rearrangement in Emberizidae. In fact, in the only well-documented situation,
that of Zonotrichia albicollis, heterozygotes appear to have an advantage
(Thorneycroft 1975). There is the complicating factor of evidence for balanced
polymorphism and negative assortative mating maintaining heterozygosity in the
White-throated Sparrow.

Direct measures of "true" meiotic drive have not been made for birds.
Meiotic drive occurs when a chromosome arrangement (or gene, or gene
complex) is preferentially incorporéted into the gametic nucleus. Data from
Zonotrichia albicollis could be interpreted as evidence for meiotic drive, but
other factors cannot be ruled out. In offspring of White-throated Sparrows of
known karyotypic constitution, fewer than the expected number of a particular
chromosome morph were recorded. Thorneycroft (1975) found the difference to
be statistically significant and concluded that either gametic or zygotic level
selection was operating. Thus, meiotic drive can not be ruled out as a possibility
in Emberizinae.

Genetic drift and inbreeding are more likely possibilities. The two forces
could easily interact, perhaps hastening fixation of chromosomal differences
between species. The fluctuation of environmental conditions in North America
have been well-documented and several schemes for speciation in birds of

tropical forest (Haffer 1974), mesic forest (Mengel 1964), and aridlands
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(Hubbard 1972) depend on climate changes during alternating periods of
glaciation and glacial retreat. Reduction of population size during glacial
episodes would facilitate inbreeding and could enhance the probability of fixation
of previously rare rearrangements. If a chromosome variant occurred at
moderate frequencies, chances for fixation would be even greater than for a truly
rare rearrangement.

I believe the demonstrated tolerance for intraspecific chromosomal
variants in the Emberizidae (Table 4) would further increase probabilities of
fixation of karyotypic changes beyond the probabilities due to inbreeding and
drift. White (1978) estimates the frequency of new chromosome rearrangements
to be 1/500 individuals and establishment of these new variants to occur at 1/10*
or 1/10° frequency, under the general condition of no tolerance. Tolerance for a
rearrangement should greatly increase the frequency of its establishment by
increasing its longevity in the population.

Is there any reason to believe the ecology of the species in question has
played a role in accumulation of karyotypic differences? A scenario similar to
the one proposed by Hubbard (1972) for the Aimophila aestivalis complex could
explain the differentiation of karyotypes, particularly in groups that tolerate
polymorphisms in karyotype. The species studied here are mostly inhabitants of
arid environments, grasslands and desert scrub. Several species, in fact those
that have the most divergent karyotypes, are tightly linked to the onset of the

rainy season for breeding. 4imophila botterii and A. cassinii begin nesting
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activities in Arizona much later than most other breeding species. A. botterii
anticipates the beginning of the monsoon rains and initiates breeding activity
before the rains arrive. A. cassinii initiates breeding with the arrival of monsoon
rains. The other groups of birds with similar amounts of karyotypic variation, the
Estrildidae, are also birds of more-or-less arid regions. They are also small,
granivorous organisms and opportunistic breeders responding to significant
rainfall (Immelmann 1965). Seasons with little or no rainfall, and no nesting,
could lead to severe declines in population size because of normal mortality.

The ’sample’ of the population remaining alive to breed during the next
favorable time would be more uniform genetically than the previous population.
The descendents of the survivors would mate with other descendants of the
survivors, their relatives. These conditions promote drift and inbreeding,
potentially leading to fixation of chromosomal variants.

How many such episodes of ecological change would be necessary to
obtain the observed patterns of karyotypic differences between species? The
only answer available is a relative one. Comparing the karyotypes of Pipilo aberti
and P. fuscus, there are only two changes among the larger chromosome pairs.
Data from mtDNA comparisons (Zink and Dittman 1991) date the divergence of
these two species at approximately 2.3 mya. There have been three periods of
glaciation since that time, so there ought to have been at least three major
population reductions and an unknown number of more localized climatic

fluctuations. Assuming a more-or-less uniform rate of localized fluctuations
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extends into the past, climatic perturbations equivalent to about nine glaciations
should account for the six karyotypic differences between Pipilo erythrophthalmus
and P. aberti and P. fuscus. The calibration for real time would put the last
common ancestor of all three species at about seven mya--well within estimates
of divergence time for other genera of emberizines (Sibley and Ahlquist 1990
p.869) but longer than the mean for all oscine within-genus comparisons
(x = 2.25).

The mechanisms suggested as possibilities for accelerating the rate of
karyotypic change are properties of biological and genetic systems and would
leave traces of their action in descendent generations. The large number of
karyotypic changes is one such trace. Additional evidence of population
fluctuation should be retrievable in the form of protein variation, determined by
electrophoresis. Severe reduction in population size should simultaneously
reduce genetic variability in the population (Kimura 1982) and the effects should
be detectable for thousands of generations (Gojobori 1982). DNA and protein

studies would be helpful on this point.
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CONCLUSIONS AND FUTURE DIRECTION

Conclusions drawn from this study:

1. The Dendroica warblers, are karyotypically conservative, with no
variation in standard karyotyi)e. It is likely that unstudied members of the genus
also share this same karyotype. Further study of the genus is warranted in order
to explore the breadth (standard karyotypes of other species) and depth (higher
resolution cytological studies, i.e. G-banding) of karyotypic identity in Dendroica.

2. There are few karyotypic differences between Dendroica spp.,
Myioborus pictus, and Cardellina rubrifrons. The differences between these
species and Icteria virens are minimal and do not support removal of the Chat
from Parulinae. Additional karyotypes from more species of wood warblers
would be helpful to solidify this conclusion. The systematic position of the Chat
would be an interesting problem for molecular methodologies such as mtDNA
that have not yet been applied.

3. The karyotype of the Olive Warbler, Peucedramus taeniatus, is
distinctly different from the other warblers, supporting its removal from
Parulinae though with no suggestion of its proper placement. The karyotype is
so different that additional karyotypes probably would not help place the Olive
Warbler, but more detailed studies of nucleic acids and proteins might.

4. The genus Vermivora differs from the other warblers by possession of

large blocks of heterochromatin at the centromeres of most of the
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macrochromosomes. This might be sufficient to remove them from the warblers
except other evidence firmly places them in Parulinae. Karyotypes of more
Vermivora species would be useful in testing the hypothesis that the
heterochromatin is a generic apomorphy. In situ hybridization of centromeric
probes would be useful to precisely locate the centromeres of these species,
permitting determination of chromosomal morphology and subsequent
comparison of karyotypes with other taxa.

5. The lack of karyotypic variation in the two species of tanagers
karyotyped is unusual in the Thraupinae. If the karyotyped species of tanagers
are representative of the entire family, then there is a wide range of intrageneric
karyotypic variation in Thraupinae. More karyotypes, both standard karyotype
surveys and in greater resolution (e.g. G-bands), would be helpful for
understanding karyotypic evolution in this speciose subfamily. Currently, we
know nothing about the possible mechanisms operating in this taxon to generate
karyotypic differences between species. Are they the same mechanisms as those
operating in the Emberizinae?

6. There is a large amount of karyotypic variation in the Cardinalinae,
more than in Parulinae excluding Peucedramus. Are the mechanisms generating
karyotypic change the same in Cardinialinae as in other emberizid subfamilies?

7. By morphological and karyotypic evidence, the Five-striped Sparrow is
a member of the genus Amphispiza. Additional lines of evidence would be useful

for testing this conclusion.
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8. Amphispiza quinquestriata is heteromorphic for centromere position of
its largest pair of chromosomes. Higher resolution karyotyping could reveal the
nature of this variation in centromere position, and sampling of more individuals
from the species would be helpful for understanding the population genetics of
the rearrangement.

9. Pipilo erythrophthalmus is heteromorphic for centromere position in at
least one pair of its macrochromosomes, the second largest pair. Karyotyping at
higher resolution is needed to determine the nature of the rearrangement in the
second largest pair and to investigate the possibility that the third largest pair of
chromosomes is also polymorphic for centromere position.

10. The genus Aimophila is the most karyotypically diverse genus yet
reported in passerine birds. Amphispiza is equally diverse in differentiation of
karyotypes. G-banding studies are needed to clarify the mechanism(s) involved.

11. Karyotypic evolution in these taxa of birds is decoupled from
speciation events. The lack of correlation between relative time of divergence
and number of interspecific karyotypic differences confirms conclusions
previously drawn by Tegelstrom et al. (1983).

12. Amounts of chromosomal variation in some taxa of birds greatly
exceeds the amounts observed previously for most taxa karyotyped. It would be
helpful to extend karyology to other speciose groups to determine if the nine-
primaried oscines (and estrildids) are really unique or merely the earliest

exposure of a more general trend.
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13. Within the nine-primaried oscines, there appear to be factors
effecting a proclivity toward chromosomal rearrangement involving pericentric
inversions. The exact nature of these factors remains unknown but could
involve, one or more of, meiosis regulation genes, ecological history of the taxa,
population dynamics, agents facilitating breakage of chromosomes. Further study
of this situation ought to include (i) additional karyology designed to investigate
the extent of karyotypic variation in the nine-primaried oscines and the
Estrildidae as well as (ii) the precise mechanisms of centromere repositioning--
for instance, looking for common breakpoints--and restoration of meiotic
regularity, and (iii) studies designed to look for traces of infection by mobile
genetic elements, which can increase the frequency of chromosome damage. A
frame of reference for the karyological work would be supplied by surveys of the
extent of protein and DNA variation to obtain evidence pertaining to a history of

population bottlenecks and estimate times of divergence.
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APPENDIX A. Specimen collection locales.

Vermivora ruficapilla. Arizona, Pima County, Redington Pass.
Vermivora virginiae. Arizona, Pima County, Sta. Catalina Mts.
Vermivora luciae. Arizona, Pima County, Pantano Wash and Cafiada del Oro Wash.
Icteria virens. Arizona, Pinal County, Dudleyville

Peucedramus taeniatus. Arizona, Pima County, Sta. Catalina Mts.
Myioborus pictus. Arizona, Pima County, Sta. Catalina Mts.
Dendroica coronata. Ariz., Pima Co., Sta. Catalina Mts.
Dendroica petechia. Ariz., Pima Co., Pantano Wash

Dendroica graciae. Ariz., Cochise Co., Huachuca Mts.
Cardellina rubrifrons. Ariz., Pima Co., Sta. Catalina Mts.
Piranga flava. Ariz., Pima Co., Sta. Catalina Mts.

Piranga rubra. Ariz., Pima Co., Pantano Wash

Cardinalis sinuata. Ariz., Pima Co., Continental

Pheucticus melanocephalus. Ariz., Pima Co., Sta. Catalina Mts.
Pipilo aberti. Ariz., Pima Co., Cafiada del Oro Wash

Pipilo fuscus. Ariz., Pima Co., Cafiada del Oro Wash.

Pipilo erythrophthalmus. Ariz., Pima Co., Sta. Catalina Mts.
Aimophila carpalis. Ariz., Pima Co., Continental

Aimophila cassinii. Ariz., Sta. Cruz Co., Elgin

Aimophila botterii. Ariz., Pima Co., Continental

Amphispiza quinquestriata. Ariz. Sta. Cruz Co., Ruby
Amphispiza bilineata. Ariz., Pima Co., Tucson and Continental
Amphispiza belli. Ariz., Cochise Co., McNeal
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APPENDIX B. Notes on solutions and reagents.
Solutions and reagents used were:

Roccal is a commercial preparation of alkyl dimethyl benzyl ammonium
chloride that has bactericidal, algicidal, and fungicidal activity. The commercial
name is Roccal II 10%. Other disinfectants probably work as well. Some may
permit a more prolonged exposure than does Roccal, which kills the embryo
after just a minute or two. Isotonic solution here refers to any of a number of
formulations that are isotonic, with no preference for any one. Examples would
be Hank’s BSS or other balanced salt solutions, or any tissue culture medium
(without sera). I used whatever was handy and sterile.

Collagenase was prepared from lyophilized powder supplied by Grand
Island Biological Laboratories (GIBCO). Working strength was 1 mg/ml. Any
isotonic with calcium and magnesium can be used to prepare the solution.
Aliquots were frozen at -80°C until needed.

Hanks’ Balanced Salt Solutions are available from GIBCO, Irvine
Scientific Sales Co., Sigma Chemical Co., or other suppliers. Hanks’ without
calcium and magnesium is used for trypsin.

The culture medium used was RPMI 1640 supplemented with Fetal
Bovine Serum (FBS) to 10% or 20%. Both are available from major supply
houses. Different media have been used by others, but one this gave good
results.

Antibiotics and antimycotics were used when needed, but not routinely.
Transport of tissue samples from the field and prophylaxis before initiating
cultures were the only regular uses. Contamination of a culture was a rare
event, despite using antibiotic-free media. Gentamicin was the antibacterial
agent of choice. The regular dose was 50 micrograms/ml of media or isotonic.
Decontamination doses were two to four times the regular dose, with no ill
effects observed. Fungizone, an antimycotic, was used to rinse adult tissues
before starting cultures. Working strength was 2.5 micrograms/ml of isotonic.
Tissues and cells were sensitive to this material, so exposure time was limited
and strength never exceeded two times the usual dose. Penicillin and
streptomycin were used on occasion, but proved to be less effective than
Gentamicin. All of these antibiotics are available from the three supply
houses listed.

The dosage of Colcemid a synthetic form of colchicine, was one drop (of
1 microgram/ml) from a 25 gauge needle into each 5 ml of medium. Colcemid is
available from the three suppliers listed above.
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Vinblastine was used at a strength of 0.5 microgram/ml and at a dosage of
0.05ml per 5 ml of medium. Chromosome contraction is somewhat reduced with
-vinblastine relative to Colcemid. Vinblastine is available from Sigma Chemical
Co., St. Louis. Velban is a commercial preparation of the same material from
E.J. Lilly Pharmaceuticals.

Trypsin was prepared at a strength of 0.25% from 1:250 powder supplied
by GIBCO, or purchased prepared from Irvine Scientific. Calcium and
magnesium ions inhibit the desired enzymatic activity, so the solutions were
prepared with appropriate isotonic materials.

Trypsin-EDTA (Irvine Scientific) was sometimes used in place of plain
trypsin. The EDTA chelates any calcium or magnesium ions, enhancing the
activity of the enzyme.

Hypotonic was made fresh each day. The best results were obtained from
0.4% KCI made up with 18 meg-ohm water. Other high quality waters may work
as well, but some slight adjustments may need to be made to get the best
spreading of the metaphases.

The fixative used was always freshly prepared ice-cold acetic methanol (1
part acetic acid: 3 parts absolute methanol). Sometimes this is called,
incorrectly, Carnoy’s fixative.

Freezing medium was the regular culture medium (RPMI + FBS)
supplemented with DMSO (4 10% of the final volume) as cryoprotectant.

The phosphate buffer used was the 1:1 ratio of 0.01IM
Na,HPO, and 0.01M NaH,PO, described in Goodman et al. (1985).
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APPENDIX C. Karyotypic data set.

Characters of chromosomal morphology as used in this project.
Morphology characterized as 5 is Metacentric and as 0 is Telocentric. The other
numbers specify the range between the two extremes. Question marks indicate

missing data. Multiple entries specify polymorphisms.

1 )2)3lals)elz])8}o10]11

1 2 3 4 5 6 7 8 9 {10 i11
1 Dendro. petechia 4 i 1 1 1 2:i0:0 0 0 0 i 0
2 | Myioborus 4 i1 i1 i1i2:i0i0:0:0:0;:?
3 Cardellina 4 1 1 1 2 1 0 0 0 0 0
4 Icteria 4 i1+ 1 i1 2 0 0i1:i1%t1:0
5 Peucedramus 3 3 3 5 3 0 1 0 ? ? ?
6 Vermivora (a) | I ? ? ? ? ? ? ? ? ? ?
7 | Verm. () 7 13 1 9 9 g g iy gl g ity
8 | Verm. (c) 2 i 92192 i9i9i9igigigig g
9 Cardinalis sinuata 5 1 1 3 3 0 0 0 0 1 ?
1 0 | Pheucticus melano. | 4 1 1 5 2 0 0 0 0 0 0
11 | Saltator maximus 4 1 1 1 2 0 1 0 0 0 0
1 2 | Cardinalis cardinal.{ 4 1 0 3 i0/2} 1 0 0:0 0 0
1 3 | Piranga flava 4 i1 :1 :1:2:0:0:0:0:0:00
o Seiete. ruficasii i i St S A e 1
15 | Schisto. melanopsisf 3 : 1 : 0 : 5 0 i 1 1 1 ?2 1212
16 | Thraupis sayaca 3i1i0i2i9gigi1i2:i92:92:i%9
17 | Thraupis palmarum | 4 : 1 1 1 2:0:0:t0:0:0:0
18 | Coereba flaveola 4 1 1 0 ' 2 3 ' 0 0 ? H '? ?
19 | Sicaiis fiaveoia 301 s e T 0 e 0 o
2 0 | Volatinia jacarina 5 1 1 3 oy 0 0 0o 0. 0.
21| Pipilo ‘aberti 4 1 1 2 2 1.9 9170 0 o
22 | Pipilo fuscus A2 2 L1 4 2 0. 72
23] Bigia arvibrenh PR 33 ...... S S
24 | Amphispiza (a) 4 4..2..5..4.38.3.90.50.4..20
25 | Amphispiza (b) 4 B gy
TR G e e P R N P e
27 | Aimo. carpalis 4. 1 5 o o T g
28| Aimo. botterii 4 5 1 2 2 2 5 3 3 5 5
29 | Aimo. cassinii 4 T e e s g
30 | Zonotrichia capen. 4 i 1/3 2 1/5 1 2 1 1 o 1
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APPENDIX D. Morphological data set for Aimophila/Amphispiza relationships.

The computer code for morphological data used in this project is
presented here. Most characters were either present or absent, but a few were
multi-state characters.

Amphispiza belli

| _Amphispiza bilin. 3 1.

A. quinquestriata

i e e The Y reag e

i.o. crista:bulla

ibill color iflank colcibelly colcipileum
bl g -

Aimo. carpalis |

Aimo. pptterii

oo h|u|.\,|4

Aimo. cassinii

Amphispiza belli

Amphispiza bilin.

¥ .oy s | 10 11
malar striwhisker :dorsum ishoulder jiwrist
e 0 ‘ 1 ’ 1 e

A. quinquestriata

Aimo. carpalis

Aimo. botterii

oOln|l&~|WIN |-

Aimo. cassinii

Amphispiza belli

2.1 19 1 94 151 1%

eye ring iwing barsiout. rectrijuv. plum:ibreast m:

ot S R

Aimo. carpalis

Aimo. botteri |

Aimo. cassinii




93
APPENDIX E. Glossary.

Superspecies - A superspecies consists of allospecies; groups of taxa
that have barely crossed the threshold of species status (Mayr and Short 1970,
p. 100).

Species group - A group of species that are more closely related to each
other than to other species in the genus is a species group. Mayr and Short
(1970, p. 102) consider a species goup less inclusive than a subgenus, but of
similar concept.

Macrochromosome - The largest chromosome pairs of a set are called
macrochromosomes. The smaller chromosomes are called microchromosomes.
The distinction is purely arbitrary, but is usually made at an obvious size change
between the larger and smaller pairs.

Microchromosome - See macrochromosome.

Metacentric - In general terms, a chromosome with its centromere nearer
the middle than one end is called a metacentric. A more precise usage defines a
specific category of chromosome shape, the "most metacentric" of all generally
metacentric chromosomes. (Levan et al. 1964).

Acrocentric - A general term that include chromosomes with the
centromere nearer the end than the middle. This term includes the more precise
telocentric and subtelocentric categories. (Levan et al. 1964)

Telomere - Literally, the "body at the end" of the chromosome, it refers to
the idea that termini of chromosomes are specific structures, not just whatever
happens to be there.

Telomeric - Occurring at or very near the telomere.

Centromere - Functionally important as the place where spindle fibers
attach to separate the replicated chromosome in metaphase, it is revealed as a
constriction of the metaphase chromosome. Location of the centromere is an
important landmark on a chromosome.

Heterochromatin - A region of the chromosome that is thought to contain
no coding sequences, it was originally named because it stained differently than
the rest of the metaphase chromosome. It is now known to consist largely of
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repetitive sequences of DNA, and replicates at different times than the
euchromatin.

Telocentric - A chromosome with a centromere at the very end. (Levan et
al. 1964)

Subtelocentric - A chromosome with a centromere nearer (but not at) the
end of the chromosome than the middle. (Levan et al. 1964).

Submetacentric - A chromosome with the centromere nearer the middle
of the chromosome, but not in the region closest to the middle which is taken by
the specific term metacentric. (Levan et al. 1964).

Autosome - Any chromosome not a sex chromosome.
Sex chromosome - A chromosome that carries the loci responsible for sex
determination, or the chromosome that pairs with it in meiosis. In birds, the sex

chromosomes are called the Z and W. Males have two Z chromsomes (are ZZ),
and females one Z and one W (are ZW).

Z chromosome - See sex chromosome.

W chromosome - See sex chromosome.
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