
GENOME ORGANIZATION, MOBILE DNA, AND 

CHROMOSOMAL EVOLUTION IN MAMMALS 

by 

DEIDRE ARTHUR PARISH, B.S., M.S. 

A DISSERTATION 

IN 

BIOLOGY 

Submitted to the Graduate Faculty 
of Texas Tech University in 

Partial Fulfillment of 
the Requirements for 

the Degree of 

DOCTOR OF PHILOSOPHY 

Approved 

Chairperson of die Committee 

Accepted 

Dean of the Graduate School 

May, 2003 



Copyright 2003, Deidre Arthur Parish 



ACKNOWLEDGMENTS 

First and foremost, I owe who I am and what I have accomplished to the ever-

constant encouragement from those that have known me the longest and best. In the 

following sentences, I have attempted to mention especial gifts I have received from each 

person, not restricting my appreciation only to those items mentioned. I would like to 

thank my loving and supportive family for their patience and endurance during the last 

five and a half years: Overton L. "Bud" Parish IV, my wonderful husband, thank you for 

being my strength when I could have been defeated easily; oiu- two delightful daughters, 

Catherine Taylor and Isabella Grace, whose laughs, kisses and hugs rejuvenate me daily; 

Beth and D'Nard Arthur, my parents, who answered my urgent calls with haste and few 

questions, as they have since the day I was bom and with the same consistency; Liim and 

Terry Parish, my in-laws, for attentive childcare and much needed breaks in our rigorous 

schedule; Aim and Jim Strickland, my grandparents, for their continual interest and 

sympathy, and for keeping Isabella during the day until she was eight months old; Violet 

Dawes Arthur, my grandmother, for your home-cooked meals and scrumptious lemon 

chess pies; D'Aim Arthur Duim, my loyal sister, whose constant faith in me has always 

encouraged me to attain my goals; and Amy McGrath (soon to be Mrs. Joey MacLean), 

my best friend and daughters' godmother, for adopting my family as your own and 

playing a major role in our lives. This whole endeavor would not have been possible 

without the aforementioned persons playing vital roles in oiu- lives and our children's 

lives. Thank you for all of the time and effort you devoted to us and to our futures. 

u 



Next, I would like to acknowledge my committee chairperson and other 

committee members. Dr. Robert J. Baker, Horn Professor, served not only as the chair of 

my corrmiittee, but as a mentor for my career. I had the privilege of studying beside him 

in the lab and in the field. Together we improved the karyotyping method that he 

pioneered. I am a better scientist because he shared and discussed what he knows and 

loves with me. His enthusiasm for chromosomes was indeed contagious. I thank him for 

his time and interest in my project and for his support of my family, as shown by 

chocolates. Lady Raider basketball tickets, and pecans, to name a few. I owe this 

opportunity at Texas Tech University to Dr. Clyde Jones, my beloved master's advisor 

and Ph.D. committee member. I thank you for always believing in me. Dr. Robert D. 

Bradley was not only a committee member, but also my field methods instructor for my 

first experience with outdoor accommodations. Thank you for not sending me home after 

the first few days in Mexico. I thank Dr. Randy D. Allen for his Gene Expression class, 

where other students assumed that I was his student, and for confronting me with the fact 

that not all professors support graduate student associations. You gave me a platform to 

pursue that must have had some influence. I sincerely thank Dr. Richard Strauss for his 

stimulating discussions about my project dvuing committee meetings and for commenting 

on "how cool" he thought our lofty goals were. Dr. Strauss, you were always willing to 

assist not only me, but also graduate students in general, your students or not. I thank 

over and over again, Dr. Holly Wichman, an imofficial committee member from the 

University of Idaho, for her intelligence, insight and hospitality. I thank you for working 

m 



so diligentiy with me and Dr. Baker, and thank you for including us in your NIH 

Mammalian Genome grant. 

I would also like to acknowledge other faculty members that have been 

instrumental in my degree program. I thank Dr. Robert Pirtle, professor in the 

Department of Biochemistry and Molecular Biology at the University of North Texas, for 

recmiting me into his Biochemistry Ph.D. program, I thank him for calling me on my 

birthday, asking me to join his lab, and giving me the chance to further my education. I 

thank Dr. William Tydeman, Associate Dean of Libraries, Southwest Collection/Special 

Collections, for the opportunity to work on Texas Tech University's Natural History and 

Humanities Initiative and for his lengthy discussions about life in general. Thanks to Dr. 

Carl Phillips, Assistant Vice President for Research, for identifying administrative 

potential in me. I acknowledge Dr. Meredith Hamilton, Oklahoma State University, for 

her tutelage in the art of karyotyping in the field under less than desfrable conditions. I 

would also like to mention my devoted appreciation for Dr. Les Drew, former professor 

at Texas Tech. You made me see the value in a sense of humor, the beauty of a falling 

leaf and the potential in myself. 

My labmates, both past and present, were indispensable to me and to my project: 

Dr. Jeffery K. Wickliffe and his family for thefr friendship, assistance, and 

encouragement; Dr. Federico G. Hoffinann for his foreign language skills and his 

camaraderie not only in the lab, but in the field; LuAnn Scott, University of Idaho, for her 

meticulous LINE isolation techniques and for concentrating the DNA again and again, 

imtil I could figure out exactly how much I needed; Dr. Brenda Rodgers for her lab 

IV 



instraction and assistance in the early stages of my program; Marcy Revelez for helping 

me to persevere in the field and at the scope; Adam Brown for his confidence and many 

DNA isolations; Rex McAliley and Michelle Haney for thefr help with the identification 

of the Oryzomyine rodents; Raigan Wilson for her surviving friendship; and Monya 

Anderson for her clerical and organizational assistance. I thank the following members 

for thefr lab and field support: Adam Fuller, Hugo Mantilla, Rene Fonseca, Norma 

Salcedo, Sergio Solari, Elizabeth Phillips, Ryan Foresman, Janet Reed, Dr. Calvin Porter, 

Dr. Andrew Baldwin, Dr. Steve Hoofer, Rogelio Rodriguez, Members of Field Methods 

2000 (especially Serena Reeder for the dip in the Pacific), and Members of the Sowell 

Expedition to Ecuador 2001. 

I also want to thank those who have worked with me outside of the lab and have 

made lasting impressions on me and my interpersonal perspectives. Thank you to the 

TTU Association of Biologists officers who served with me during my tenure as 

Treasurer and President: David Melvin, Christopher Bloch, Chris Higgins, and Carl 

Dick. Thank you for indulging me of my need to organize everything and everyone. 

Most recently, I had the honor of serving as the President of the Graduate and 

Professional Student Government Association. In so doing, I met and worked with some 

of the most admirable people. I would like to acknowledge the Deans of the Graduate 

School: Dr. Ron Anderson, Dean; Dr. Wendell Aycock, Associate Dean; and Ralph 

Ferguson, Assistant Dean. I thank them for thefr unequivocal support and confidence. I 

thank Barbi Dickensheet, Thesis and Dissertation Supervisor for the Graduate School, for 

her imyielding willingness to help graduate students and her patience with each 



individual. And I acknowledge my fellow officers, Chad Davis, Dr. Patricia Herrera, 

Rise Lara, Veronica Villarreal, Jason McAfee, and Lora Lopez for their imselfish service 

to graduate students. 

Funding support for this dissertation and projects herein was provided by Mr. 

James Sowell, the benefactor for the summer trips to Ecuador and to Honduras where 

many of the chromosomes were collected, and to NIH for the Mammalian Genome: 

Stasis and Change grant, NIH GM38737, to Holly A. Wichman. 

Each of these people gave me something special. Thank you. 

VI 



TABLE OF CONTENTS 

ACKNOWLEDGMENTS ii 

LIST OF TABLES x 

LIST OF FIGURES xi 

CHAPTER 

L INTRODUCTION I 

Literature Cited 7 

II. DISTRIBUTION OF LINES AND OTHER REPETITIVE 
ELEMENTS IN THE KARYOTYPE OF THE BAT 
CAROLLIA: IMPLICATIONS FOR X CHROMOSOME 
INACTIVATION. 9 

Abstract 9 

Introduction 10 

Methods and Materials 13 
Karyotypic Preparations 13 
Origin of Probes and In Situ Hybridization 14 
Quantifying Signal Within and Among Chromosomes 15 
Sfrongest Area of Signal Within a Karyotype. 16 

Results 17 
LiNE-'l Probe 17 
Total Genomic Probe 18 
Quantification of Signal on Chromosomes 18 
Determination of the Sfrongest Area of Signal 19 

Discussion 20 
Quantitative In Situ Hybridization. 20 
Comparison of Resolving Power of Probes 22 
LINE Distribution and Failure to Reject the Lyon Repeat 

Hypothesis. 22 

Literature Cited 26 

Vll 



III. DISTRIBUTION OF LINES ON MARSUPIAL 
CHROMOSOMES: DIVERGENCE IN GENOME 
CHARACTERISITCS BETWEEN MARSUPIALS AND 
EUTHERIANS 36 

Abstract 36 

Infroduction 37 

Methods and Materials 39 
Karyotypic Preparations 39 
Origin of Probes and In Situ Hybridization 39 
Quantifying Signal Within and Among Chromosomes. 40 
Statistical Methods 41 
Pattern of Signal Compared to G-banding and Length 

of Chromosomes 42 

Results 43 
Karyotypes. 43 
LINE Accumulation on Sex Chromosomes Relative 

to Autosomes 43 
Accumulation of LINEs in G-bands Along the 

Chromosomes 44 
Accumulation of Signal as a Fimction of Size of the 

Chromosomes 44 

Discussion 45 

Literature Cited 48 

IV. ON THE RELATIONSHIP OF CHROMOSOME SIZE, 
KARYOTYPE SYMMETRY AND DIPLOID NUMBER TO 
THE ACCUMULATION OF LI ELEMENTS ON THE X IN 
THE BAT TONATIA SAUROPHILA 62 

Abstract 62 

Infroduction. 63 

Methods and Materials 66 
Karyotypic Preparations 66 
Origin of Probes and In Situ Hybridization 67 
Quantifying Signal Within and Among Chromosomes. 67 

viu 



Statistical Methods 68 

Results 70 
Karyotype 70 
Determination of the Sfrongest Area of Signal 70 

Discussion 72 
Preferential Accumulation on the X 72 
G-Band Definition Due to LINE Abundance. 73 

Literature Cited 74 

V. DISTRIBUTION OF LINES IN HOMO SAPIENS: 
QUANTIFYING FISH SIGNAL 85 

Abstiact 85 

Introduction. 86 

Methods and Materials 88 
G-banding 88 
Fluorescent In Situ Hybridizations (FISH). 88 
Line Profiles 89 
Statistical Comparisons 90 

Results 91 
G-banded Karyotypes 91 
Determining the Strongest Area of Signal 92 
G-banded X Compared to LI FISH X 92 

Discussion 93 

Literature Cited 94 

VI. CONCLUSIONS 104 

Literature Cited .... 110 

IX 



LIST OF TABLES 

2.1 Average intensity of LINE accumulation per unit length of chromosome. ...30 

3.1 Mean intensity of LINE accimiulation per unit length of the autosomes, 
the X chromosome, and the Y chromosome of Didelphis virginiana. .52 

3.2 Mean intensity of LINE accumulation per unit length of the autosomes, 
the X chromosome, and the Y chromosome of Marmosops noctivagus. 53 

4.1 Mean intensity of LINE accumulation per unit length of the autosomes, 
the X chromosome, and the Y chromosome of Tonatia saurophila. 76 

5.1 Mean intensity of LINE accumulation per unit length of the autosomes, 
the X chromosome, and the Y chromosome of Homo sapiens., .97 



LIST OF FIGURES 

2.1 Karyotype of a CarolUa showing the size and centromere placements... 31 

2.2 Line graphs from three spreads (top 13-9B, middle 13-OA, bottom 
12-8A; See Table 2.1) showing variation in the fom- chromosomal 
segments that were scored for intensity of LINE signal using the 
Cper2 LINE probe, .32 

2.3 Fluorescent in situ hybridized spread of a CarolUa brevicauda male 
probed with Cper2 LINE-1 probe. .34 

2.4 Fluorescent in situ hybridized spread of a CarolUa brevicauda male 
with a probe made from Total Genomic DNA from a male CarolUa 
brevicauda. .35 

3.1 Karyotype of Didelphis virginiana male (2n=22) showing the size and 
centromere placements. 54 

3.2 Karyotype of Marmosops noctivagus male (2n=14) showing the size 
and cenfromere placements. 55 

3.3 Fluorescent in situ hybridized spread of a Didelphis virginiana male 
(TK27755) probed with Dvfr786b LINE-1 probe. 56 

3.4 Fluorescent in situ hybridized spread of a Marmosops noctivagus 
female (TKI04176) probed with Dvfr786b LINE-I probe. 57 

3.5 Composite line profile of all of the individual chromosomes in one 
metaphase spread of D/cfe/pAw v/rg/wa/ia. 58 

3.6 Composite line profile of all of the individual chromosomes in one 
metaphase spread of 2i Marmosops noctivagus male... .59 

3.7 Box plot diagram for values generated from the compilation of data 
from each individual chromosome in four metaphase spreads of 
Didelphis virginiana. .60 

3.8 Box plot diagram for values generated from the compilation of data 
from each individual chromosome in six metaphase spreads of 
Marmosops noctivagus. .61 

XI 



4.1 Karyotype of Tonatia saurophila male (2n= 16) showing the size and 
cenfromere placements. 77 

4.2 Fluorescent in situ hybridized spread of a Tonatia saurophila male 
(TK104519) probed with TbidSb LINE-1 probe. 78 

4.3 Composite line profile of all of the individual chromosomes in one 
metaphase spread of Tonatia saurophila,, 79 

4.4 Box plot diagram for Mean Signal Intensity (MSI) values generated 
from the compilation of data from each individual chromosome in 
seven metaphase spreads of Tonatia saurophila. 80 

4.5 Line profiles from each chromosome within one metaphase spread of 
Tonatia hybridized to the LINE-1 probe TbidSb... 81 

4.6 Line profiles from all seven spreads of Tonatia hybridized to the 
LINE-1 probe Tbid8b showing traces of the largest homologous 
pair of chromosomes (Chromosomes lA & IB) in the same 
coordinate field, .83 

5.1 G-banded metaphase spread of a male XY Homo sapiens (2n=46). 98 

5.2 Fluorescent in situ hybridization of the same spread of a Homo sapiens 
male as shown in the G-banded metaphase... .99 

5.3 Composite line profile of all of the individual chromosomes in the same 
metaphase spread of ifomo jap/en5... 100 

5.4 Ideogram of G-banding pattern of the normal human X chromosome 
representing a haploid karyotype of approximately 400 bands, 101 

5.5 Box plot diagram for Mean Signal Intensity (MSI) values generated 
from the compilation of data from an individual representative of each 
homologous chromosome pafr in six metaphase spreads of 
Homo sapiens. 102 

5.6 G-bands versus LI FISH. 103 

xii 



CHAPTER I 

INTRODUCTION 

Experiments in this dissertation are designed to examine the relationship between 

genome organization, mobile DNA, and chromosomal evolution in mammals. A critical 

component to this dissertation will be how LINEs are distributed and contained in the 

genome. LINEs (Long Interspersed Nuclear Elements, Lis) move within the genome via 

reverse franscriptase/RNA intermediate and are evident in genomes of all mammals thus 

far studied. Within the eutherians, LI elements preferentially accumulate on the sex 

chromosomes and in G-bands. Normally Lis operate from one or a few master copies. 

Most copies of LINEs in the genome are truncated and nonfunctional. LINEs have been 

hypothesized to be selfish DNA with little or no value to the organism (Hutchison et al., 

1989). Other researchers have hypothesized that LI elements may increase 

morphological and allelic variability and are active during periods of rapid morphologic 

evolution (Furano, 2000). Another potential value to LINEs is the repafr of chromosomal 

breaks (Edgell et al., 1987). Presently, we have a limited imderstanding of how LI 

elements are regulated and contained, and thefr potential positive and negative 

significance is undetermined. When Lis insert into transcribed genes, they generally 

have a deleterious effect on the host (Hutchison et al., 1989). 

The chromosomal distribution of LINEs can be visualized using in situ 

hybridization. Additionally, because LI elements do not accumulate randomly on 

chromosomes, these predictable patterns (accumulation on sex chromosomes, preferential 



accumulation on G-bands) can be used to examine natural anomalies to better understand 

how LINE elements are amplified and contained. For example, when an autosome is 

franslocated to an X chromosome, does the autosome accumulate LI elements 

characteristic of X chromosomes or does the b-anslocated element continue to have LINE 

distribution characteristic of autosomes? Examples similar to this will be explored in this 

dissertation. 

Critical to this dissertation was the availability of karyotypes and appropriate 

probes for in situ hybridization. The karyotypes studied came from two sources. First, 

during the summers of 2000 and 2001,1 was involved in field trips to Mexico and 

Ecuador during which karyotype cell buttons were prepared. Part of my dissertation 

experience involved participation in field expeditions in order to become better educated 

about the organisms that I studied. Toward that end, I participated in two expeditions in 

which my primary responsibility was preparation of karyotypes. In addition, I was 

involved in the planning and organization of the field trips, trapping of rodents and 

netting of bats, and establishment of the primary database (TK books). I also was 

involved in overnight expeditions to remote locations to provide better sampling of the 

biodiversity. The karyotypes that I produced were beneficial to studies of other scientists 

who are interested in the biodiversity of the New World tropics. Second, there were 

several thousand karyotypic preparations archived in the laboratory of Robert Baker that 

were made available to me for this dissertation. 

Clones of LINEs used for probing chromosomes with fluorescent in situ 

hybridization require sufficient sequence identity to produce the level of signal required 



to perform the outlined shidies. Dr. Holly Wichman, University of Idaho, has developed 

methods to isolate young (recentiy reverse franscribed) LINE elements from a given 

genome. She graciously agreed to work with me in obtaining the necessary LINE 

elements from marsupials, humans, rodents and bats as outimed below. She has supplied 

us witii clones of young LINEs from Didelphis. Sigmodon, Oryzomys, CarolUa. Artibeus. 

Marmosops. Homo. Desmodus, and Rhinophylla. She is a coauthor on all of the papers 

generated from the LINE elements isolated by her program. Her contribution to these 

papers not only involves development of probes, but also the contribution of her 

knowledge of mobile elements to the experimental design of my studies. 

My research involved fluorescent in situ hybridization (FISH) and genome 

organization in a variety of diverse mammalian species. FISH was used to reveal the 

chromosome location of segments of DNA, I have successfully produced positive results 

using LINEs, genomic DNA, and heterochromatin (K18, F6 Peromyscus) as probes. The 

equipment and software necessary to perform the research outlined in this proposal was 

available in the laboratory of Robert Baker. 

This dissertation involved collaboration and cooperation with a number of other 

scientists who brought a imique set of skills and training to assist in conducting the 

research in the individual chapters. Examples of such collaborators are Professors 

Richard E. Sfrauss (TTU) and James J. Bull (University of Texas at Austin), who assisted 

in statistical analyses of the data generated from the in situ hybridizations. Clearly, this 

work would not have been possible without the isolation and characterization of LINE 

elements from taxa with unique chromosomal and evolutionary positions. The isolations 



and characterization was conducted in Professor Holly Wichman's lab at the University 

of Idaho. Vijay Tonk, Ph.D., Texas Tech University Health Sciences Center, provided 

expertise and insight on the human karyotypes used in the human LINE study. Science 

today usually dictates collaboration between specialists to address complex hypotheses 

and mechanisms. When published, the author lines on the respective chapters will reflect 

these collaborations. The in situ hybridizations, the computer image quantifications, 

preparations of karyotypes, and interrogation of hypotheses were primarily my work, but 

I drew from the others as appropriate. I am comfortable with this method of scientific 

investigation and think that it provides the greatest resolution to studies presenting new 

knowledge. 

The dissertation consists of six chapters. These include an introduction, Chapter I 

(the chapter you are reading now), plus a conclusion. Chapter VI, which synthesizes an 

overview of the results from each of the studies. The empirical database for the 

dissertation is presented in four central chapters, each of which addresses a specific set of 

hypotheses. These fovu- chapters are described as follows: 

Chapter II - Distiibution of LINEs and Other Repetitive Elements in tiie 

Karyotype of the Bat CarolUa: hnplications for X Chromosome Inactivation. This 

chapter explores the implications of the Lyon Repeat Hypothesis (1998a,b) tiiat 

postulates that Lis play a role in X-chromosome inactivation. To test this postulate, I 

examine the distribution of LINEs in the fruft bat, CarolUa brevicauda, which has an 

autosomal tianslocation to the X that occurred at least 7 million years ago. It has been 

documented that the translocated autosome does not undergo inactivation typical of that 



characteristic of tiie X chromosome in CarolUa (Patiiak, 1973). I tested tiie hypothesis 

that LINE distiibution on the franslocated autosome will be typical of autosomal 

distribution in CarolUa. Such a distiibution of LINEs would be expected if LINEs are 

critical to X-chromosome inactivation. This manuscript was published in 2002 in 

Cytogenetic and Genome Research (96:191-197). 

Chapter III - Distribution of LINEs on Marsupial Chromosomes: Divergence in 

Genome Characteristics between Marsupials and Eutherians. Because marsupials and 

eutherians are so distantly related (diverged from each other 130 million years ago), 

genomic differences between them can be exploited to analyze how pathways and 

systems evolved and indfrectly, to infer how they work (Graves and Westerman, 2002). 

In this chapter, I examine the genomic distribution of LINEs in two species of 

marsupials, Didelphis virginiana and Marmosops noctivagus, and compare these results 

to the patterns that have been described for eutherian mammals. Of particular interest is 

the accumulation of LINE elements on the X chromosome, the association of LINE 

accumulation with G-bands, and the relationship of size of chromosomes to LINE 

accumulation. The null hypothesis that I test is that the characteristics of LINE elements 

distribution in eutherian mammals will not be statistically different from that present in 

marsupials. I anticipate that this manuscript will be submitted to Cytogenetic and 

Genomic Research. 

Chapter IV - On the Relationship of Chromosome Size, Shape and Diploid 

Number to Accumulation of LI Elements in the Bat Tonatia saurophila. In Chapter III, 

when we determined that there was not preferential accumulation of LINEs on the X 



chromosome in marsupials, a possible explanation for this difference between eutherians 

and marsupials was the possibility that crossing-over in the X was increased relative to 

the autosomes as a result of differential chromosomal size between the X and the 

autosomes. Marsupials typically have a smaller diploid number than do eutherian 

manmials, but the relative size of the X to the remainder of the genome is about the same 

in both. Typically, eutherian mammals have about 3 billion base pairs and the X is 

approximately 5% of the total genome. To test if the X chromosome fails to accumulate 

LINEs in eutherians that have a similar diploid mmiber and chromosomal size, I 

examined these characteristics in Tonatia saurophila which has 2n=I6 (Baker and Hsu, 

1970). If it is assumed that there is one cross over per chromosomal arm per meiosis, and 

if LINEs are contained primarily by crossing-over, and LINE insertion is random, then it 

would be expected that the longer the chromosomal arm, the greater the copy nimiber of 

LINE elements in that arm. Further, small chromosomes would be expected to have 

lesser copy numbers as a function of general size. In this chapter, I test these hypotheses. 

Chaper V - Distribution of LINEs in Homo sapiens: the Basis for Understanding 

LI Accumulation. At the foimdation of the quantification of LINE signal on 

chromosomes is the assumption that a stronger signal is generated in regions with greater 

LINE copy number than in regions with lesser copy number, and that the increase in 

signal is correlated with copy number. With the sequence data available for humans, we 

have an estimate of the nimiber of copies of LINEs on the X chromosome and the relative 

copy number variation to specific autosomes. In this chapter, I in situ hybridize LINE 

elements to human karyotypes and generate a signal to determine if the results of 



quantification of signal are in general agreement with the conclusions of the Human 

Genome Project (IHGSC, 2001). 

Chapter VI - Summary and Conclusions. The last chapter synthesizes a review of 

the research presented in tiiis dissertation, with reiterations of results discussed in 

chapters II through V, and suggestions for future research on genome organization and 

comparative genomics of mammals. 
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CHAPTER n 

DISTRIBUTION OF LINEs AND OTHER REPETITIVE 

ELEMENTS IN THE KARYOTYPE OF THE BAT 

CAROLLIA: IMPLICATIONS FOR X 

CHROMOSOME INACTIVATION* 

Abstract 

The Lyon repeat hypothesis postulates that long interspersed elements (LINEs) 

play a role in X chromosome inactivation. Evidence to support this hypothesis includes 

the observation that the degree of inactivation of autosomes translocated to the X 

chromosome is correlated with LINE density on that autosome. We examined the 

distribution of LINEs in the fhiit bat CarolUa brevicauda, which has an autosomal 

translocation to the X that occurred at least seven million years ago. A quantitative 

analysis of LINE accumulation on multiple metaphase spreads revealed a significant 

accumulation on the original X relative to the attached autosome, the homologue of that 

autosome (Y2), and chromosome 1. Previous replication studies indicate that for the X 

and attached autosome, only the original X chromosome replicates late in CarolUa 

females, and that the attached autosome replicates in the same timeframe as other 

autosomes. These data are compatible with the Lyon repeat hypothesis, and the 

* This chapter was published in 2002 in Cytogenetic and Genome Research 
96:191-197. Parish DA, Vise P, Wichman HA, Bull JJ, Baker RJ. Distiibution of LINEs 
and other repetitive elements in the karyotype of the bat CarolUa: implications for X-
chromosome inactivation. Cytogenet Genome Res 96:191-197(2002). 



possibility that LINEs act as booster elements for X inactivation remains a viable 

hypothesis. We address the procedures and limitations of quantitative analysis based on 

in situ hybridization. 

Infroduction 

Compared to autosomes, the X chromosome has a lower density of genes, a lower 

mutation rate, and higher copy number of some repetitive elements - especially the long 

interspersed element, LINE-I. Furthermore, dosage compensation in mammals is 

achieved by inactivation of one X chromosome in females, resulting in differences in 

gene expression between the two X chromosomes, and associated with late replication, 

methylation and hypoacetylation of the inactive X. The observation that LINEs are 

enriched on the X chromosome has led to the hypothesis that these elements may play a 

role in X inactivation and dosage compensation (Lyon, 1998a, 1998b). Mechanisms 

proposed to explain the accumulation of repetitive sequences on the X include differences 

between the autosomes and the X in the rate of crossing-over, and thus the rate of 

removal of elements by ectopic excision (Langley et al., 1989; Baker and Wichman, 

1990), preferential insertion into late replicating regions of the genome, or sequence 

specific insertion (Wichman et al., 1992). 

X chromosome inactivation is initiated at a region of the X chromosome (XIC, X 

Inactivation Center), and involves transcription of a large RNA from the XIST (X 

Inactivation-Specific Transcript) locus (Brown, 1991,1992). Unlike otiier X-linked 

genes, the XIST gene product is transcribed only from the inactivated X and appears to 

10 



coat that inactivated X chromosome. Several lines of evidence suggest that there is 

something fundamentally different about the X chromosome (versus the autosomes) with 

respect to XIST spreading. Ffrst, ti-ansgenic infroduction of the XIC into an autosome 

results in some degree of inactivation of that autosome, but the inactivation appears to be 

less complete and less stable than X inactivation, and requires multiple copies of the 

tiansgene (Heard, 1996, 1999a, 1999b). Second, translocation of autosomal segments 

onto the X does not always resuU in inactivation of those translocated segments (Duthie, 

1999). In hirnian cell lines carrying an autosome-X translocation, the late replication of 

the inactivated X sometimes spreads into the translocated autosomal segment, but is less 

complete than for the X chromosome (White, 1998). 

Gartler and Riggs (1983) hypothesized that transmission of the inactivation signal 

along the X involves some sort of booster elements that facilitate spreading of XIST. The 

observation that inactivation can, vmder some circumstances, spread into a translocated or 

transgenic autosome suggests that these booster elements may not be exclusive to the X, 

but rather may be enriched there. Lyon (1998a, 1998b) hypothesized that LINE-Is may 

be the booster elements. Several lines of evidence support this hypothesis: (1) In situ 

hybridization in humans (Korenberg and Rykowski, 1988) and rodents (Baker and 

Wichman, 1990; Boyle, 1990) suggests that LINEs are enriched on the X chromosome 

relative to the autosomes. (2) In humans, enrichment on the X has been confirmed by 

computer-aided analysis of portions of the X and several autosomes (Bailey, 2000). 

Enrichment on the X is greatest for the younger LINE inserts. (3) There is a relative 

deficiency of LENEs in the region of human genes that escape X inactivation (Bailey, 
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2000). About 15% of the genes on the human X escape inactivation (Carrel, 1999), while 

the number that escape inactivation in the mouse appears to be much smaller (Disteche, 

1995,1999; Tsuchiya, 2000). The degree of X inactivation correlates with the level of 

recent LINE fransposition in each species, which has been higher in mouse than in human 

(Furano, 2000). (4) Other genomic regions that are extremely rich in LINEs show some 

characteristics of heterochromatin. For example, a region of high LINE density is 

observed on the short arm of chromosome 1 in the deer mouse Peromyscus and does not 

correspond to a G-band (Baker and Kass, 1994). This region appears intermediate in 

staining between euchromatin and heterochromatin and was originally described as 

heterochromatic (Arrighi et al., 1976). (5) Although the data are somewhat limited, there 

is a correlation between the spreading of X inactivation into translocated autosomes and 

the density of LINEs on these autosomes (Lyon, 1998a, 1998b). 

There are examples of franslocations to the X during evolution. If LINE-Is play a 

role in X inactivation, then only autosomes with low LINE-1 density should be tolerated 

when translocated to the X chromosome dining evolution. These translocated segments 

should maintain a lower density of LINE-Is than the X and should not undergo 

inactivation with the tme X. 

In the fruft bat CarolUa, there is a large autosome ti-anslocated onto the X (Hsu et 

al., 1968). CarolUa brevicauda was chosen as a model for several reasons. First, the 

diploid number is low (2n=20-2I), and furthermore, considerable size and centi-omere 

placement variation permits discrimination among chromosomes, Fig. 2.1 (Baker, 1967; 

Hsu et al., 1968). One submetacentiic autosomal pafr is much larger than any other 
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chromosomes in the karyotype. Second, an acrocentric autosome that is larger than the 

original X has been translocated to the X. Between the original X and the translocated 

autosome is a site of ribosomal genes, which permits clear delineation between the X and 

the autosome. Additionally, in males the homologue of the autosome translocated to the 

X is the only medium sized acrocentric in the karyotype. This acrocentric has not been 

translocated to the Y, resulting in an XX/XY1Y2 sex chromosome system (Baker, 1967; 

Hsu et al., 1968; Fredga, 1970). The aforementioned combination of chromosomal 

features (Fig. 2.1) permits positive identification of a large autosome (1), the original X 

(Xo), the autosomal region translocated to the X (XA), and the autosomal homologue of 

the X franslocation or neoY (Y2; following nomenclature of Fredga 1970). 

We incorporated two probes in our study of the accumulation of repetitive 

elements: a LINE-1 probe and a CarolUa brevicauda total genomic probe. The LINE 

probe is used to visualize the copy number of LINEs in the bat genome. The CarolUa 

total genomic DNA probe is employed to visualize regions of the karyotype with low 

levels of LINEs but high levels of other repetitive elements. 

Methods and Materials 

Karyotypic Preparations 

Karyotypes were prepared from individuals of CarolUa brevicauda (TK104312, 

TK104313) caught from natural populations using mist nets. Individuals were injected 

with Velban for V/2 hours, sacrificed and bone marrow was isolated from the humerus. 

Karyotypes were prepared the morning after capture using methods described by Baker 
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and Qumsiyeh (1988), except that time in hypotonic was decreased to 16 minutes. Afler 

the fmal wash in Comoy's Fixative, cell suspensions were maintained ui 2 ml Eppendorf 

tubes at room temperature. Once returned to ttie laboratory at Texas Tech University, 

cell suspensions were stored at -20"F imtil slides were made by blaze-dry method for in 

situ hybridization. A Giemsa-stained CarolUa karyotypic preparation is shown in Fig. 

2.1. The autosome translocated to the original X is clearly demarcated by a secondary 

constriction. 

Origin of Probes and In Situ Hybridization 

The LINE probe Cper2 (535 bp) was isolated from CarolUa perspicillata genomic 

DNA (TKl 04347, GenBank accession number AY089964) using tiie method described 

by Cantrell et al. (2000). CarolUa perspicillata and CarolUa brevicauda (for the 

population from which the probe was isolated) are sister taxa with a genetic distance 

value of 4.2% for the cytochrome b gene (Wright et al., 1999). The genomic DNA was 

isolated from liver tissue of CarolUa brevicauda (TKl 04530). Probes for in situ 

hybridization were labeled by standard nick translation with biotinylated dATP using the 

GIBCO BRL (Gaithersburg, MD) BioNick nick ti-anslation kit following tiie 

manufacturer's instructions. Hybridization followed the procedures as preciously 

described (Moyzis et al., 1987,1988; Baker and Wichman, 1990) using fluorescein 

avidin and biotinylated anti-avidin. Hybridization patterns were examined using an 

Olympus (Melville, NY) epi-fluorescent microscope with a dual-band pass filter allowing 

the simultaneous visualization of propidium iodide and fluorescein. Images were 
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recorded using SPOT Version 2.1.2 Camera (Diagnostic Instiounents, Inc., Steriing 

Heights, MI) and Image Pro Plus 4.1 software (Media Cybernetics, Silver Spring, MD). 

Quantifying Signal Within and Among Chromosomes 

Metaphase chromosomes hybridized with LINE Cper2 (appears green/yellow) 

were chosen in which the X, Y2, and chromosome 1 (the largest autosome) could be 

unequivocally identified and free of overlaps involving these chromosomes. Spreads 

were chosen according to the sharpness of chromosomal definition. Eleven such 

metaphases hybridized to Cper2 were selected (six from TKI043I3 and five from 

TK104312). The Image Pro Plus 4.1 program was used to quantify the intensity of green 

signal along each of these three chromosomes. Only a single chromosome 1 from each 

spread was measured to equalize the database. To estimate variation across the width and 

along the length of the chromosome, the signal was calculated along two separate lines 

drawn from telomere to telomere along the center of each chromatid. This program 

generated signal levels for bins along the length of the chromosome (e.g., typically well 

over 100 bins for chromosome I, over 70 bins for the X, and over 35 bins for Y2), 

although the number of bins was lower in more contracted metaphase chromosomes than 

in less contracted ones. The background signal was measured and subtracted within each 

spread. The junction between the ancesfral X and the translocated autosome was 

identified by the presence of a secondary constriction with reduced LINE signal (Fig. 2.2 

arrows), and the X was then partitioned into one segment representing the original X (Xo) 

and one segment representing the translocated autosome (XA). 
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For each chromosome (Fig. 2.2), the average intensity of green signal per unit 

length (bin) was determined for each of the two lines drawn through a chromosome, and 

the averages of both lines were themselves combined into a single average for the 

chromosome. Thus, each metaphase produced an average value for each of the four 

chromosome segments: li, Xoi, XAJ, and Y2i (where the subscript / indexes the particular 

metaphase in which the measurements were taken). 

To consider whether the level of signal on Xo was different than on chromosome 

I (for example), the mean value for 1 was subtracted from the mean value for Xo in each 

metaphase, generating 11 differences: Dj = Xoi - li, / = {1,2,... , 11}. The statistic 

D/(sd/Vn) was treated as a t variable with n-I = 10 degrees of freedom (Snedecor and 

Cochran, 1980; where sd is the estimated standard deviation of the Di). Because of 

between spread variation in the absolute intensity of hybridization, comparisons of 

absolute values are only valid within the same spread. By calculating differences 

between chromosomes within a metaphase spread and then applying statistics to those 

differences, variation between spreads in the absolute intensity of hybridization is 

eliminated as a contributor to the differences between chromosomes. 

Sfrongest Area of Signal Within a Karyotype 

To determine which chromosome contained the sfrongest area of signal from the 

LINE probe, we identified the chromosomal position for the three areas with the sfrongest 

signal within each of the karyotypes. This was accomplished using the color quenching 

capabilities of the Image Pro Plus 4.1 program. The green/yellow signal was quenched 
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until no signal was visible on the monitor. By increasing and decreasing the intensity of 

the green signal, the order of appearance of the strongest areas of signal was determined 

within karyotypes. For each karyotype, two researchers established scores that were 

compared and verified. 

Results 

LINE-1 Probe 

The karyotypes of CarolUa brevicauda males (N=2) when probed with a clone of 

a LINE isolated from CarolUa perspicillata produces signal on all chromosomes (Fig. 

2.3). As reported for humans (Korenberg and Rykowski, 1988), the signal is nonrandom 

and varies in intensity along and among chromosomes. For the largest autosomes, the 

strongest regions of signal appear to match the Q bands reported for CarolUa 

perspicillata by Tucker and Bickham(1989). A comparison was possible because the 

karyotype of C. brevicauda is essentially indistinguishable from that of C. perspicillata. 

As can be seen in Fig. 2.3, homologous chromosomes share a high level of banding order 

and intensity. Larger chromosomes have regions of higher intensity when compared to 

most of the smallest elements in the karyotype. Three pairs of the smallest chromosomes 

appear to have the weakest signal from an entire chromosome perspective; however, one 

small pafr appears to have the signal typical of the larger chromosomes. The Yi (original 

Y), which is the smallest chromosome in the karyotype, has an intermediate level of 

signal relative to the other small chromosomes. Centromeric regions of most 

chromosomes appear to have little or no hybridization to the LINE probe. The secondary 
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constiiction present at the XQ-XA boundary has the lowest level of signal for LINE 

probes on the long arm of the XQXA (Fig. 2.2 and Fig. 2.3). 

Total Genomic Probe 

Karyotypes hybridized with total genomic DNA isolated from C. brevicauda (Fig. 

2.4) produced a similar pattern to that observed for LINEs with matching bands among 

the homologs. From a general standpoint, the definition of bands on larger autosomes 

appeared sharper and the areas identified as C- bands (Tucker and Bickham, 1989) also 

produced an intense signal with total genomic FISH. The size of the regions that have 

minimal or no hybridization with the LINE probe appears to be smaller in the karyotypes 

hybridized with the total genomic probe. 

Quantification of Signal on Chromosomes 

The intensity of hybridization was quantified for 11 metaphase preparations 

hybridized with LINE Cper2 (Table 2.1). The X was divided into regions corresponding 

to the original X (Xo) and the translocated autosome (XA). Per unit length, the 

hybridization signal of the Xo was significantly greater than of the 3 other chromosomes 

tested (P<0.0025 for Xo versus chromosome 1; P<0.005 for Xo versus XA; P<0.05 for X© 

versus Y2; P<0.005 for Xo versus tiie average of XA and Y2; all 1-tailed tests). As 

expected, the level of signal was not significantly different between the XA and Y2 

(P>0.5). Nor were any significant differences observed between chromosome 1 and 
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eitiier the XA, Y2, or the average of XA and Y2 (all based on 2-tailed t tests, since there 

was no a priori expectation of a difference either way). 

Determination of the Sfrongest Area of Signal 

The above analysis was restricted to one representative of the largest autosome 

and the sex chromosomes. That analysis documents that the original X has the sfrongest 

average signal among Xo, XA, Y2, and chromosome 1; it does not address, however, the 

question of whether or not there is another band or region in the entfre karyotype with a 

stronger signal. To determine the chromosomal position of the strongest signal in the 

entire karyotype, we identified the three brightest regions in each spread. The strongest 

region of signal for ten of the eleven spreads was as follows: in seven, the first signal to 

be detectable was on the Xo; one initial signal was on the XA; one was adjacent to the 

centromere on the short arm of chromosome 1; and one was on the distal end of the long 

arm of a medium-sized subtelocentric. The strongest signal in the final spread was on the 

short arm of a medium sized subtelocentric but this region had two overlapping 

chromatids. Areas of overlapping chromatids give a sfronger signal, which we interpret 

as being a technical problem. In this particular spread, we were imable to determine 

which of several other areas had the second strongest signal and the results from this 

spread are not reported further. 

The chromosomal location for the second sfrongest area of signal was adjacent to 

the cenfromere on the short arm of chromosome 1 (4), on the distal end of the long arm of 

a medium-sized subtelocentiic (3), and on the XA (2). The tiifrd site to be visible was tiie 
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most problematic to establish; but where it was possible, this site was on the distal end of 

the long arm of a medium-sized subtelocentric (4), adjacent to the centromere on the 

short arm of chromosome 1(1), and the Y2 (1). 

Although there is considerable variation in the level of signal among and within 

chromosomes, this method also reveals that the Xo is most often the sfrongest signal in 

the karyotype, followed by a band near the center of the largest autosomes and then a 

medium sized subtelocentric chromosome. Strong signal is also present on the XA, Y2 

andY,. 

Discussion 

Quantitative In Situ Hybridization 

The data used here to estimate relative densities of LINEs and other repetitive 

sequences on different chromosomes are collected from fluorescent in situ hybridizations 

with a biotin-labeled DNA probe. The signal is generated by fluorescein 

avidin/biotinylated anti-avidin reacting with the biotin-labeled probe. This method is 

commonly used to identify chromosome regions that contain repetitive DNA. We thus 

view our efforts as a specific test of the Lyon model, as well as an exploration of 

potential difficulties in the quantitative inference of in situ hybridizations and how those 

difficulties may be overcome. 

A central assumption behind our methods is that the density and accessibility of 

DNA per unit length of chromosome is similar across the chromosome segments we 

compare. Obviously, if two chromosomes with the same densities of sequences 
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complementary to a probe contract at different rates, the more confracted chromosome 

will appear to have the higher density. A similar consideration applies to factors that 

affect access of the probe to the DNA. In our analysis, we used males, which ensured 

that the X examined for signal intensity was not inactivated which could result in a bias 

due to greater contraction associated with X chromosome inactivation. Because 

constitutive heterochromatin often does not have abundant copies of LINEs, this could 

lower the score for LINE signal if the relative abundance of heterochromatin varies 

among chromosomes. This does not appear to explain the variance in our comparisons of 

chromosomes. 

Our quantification of probe signal across multiple metaphase spreads from the 

same individual and several chromosomes within each metaphase spread reveals a 

substantial amount of noise that appears imrelated to the true variation in LINE content. 

Table 2.1 shows the level of between-metaphase variation, but within-metaphase 

variation is also evident from the fact that the Y2 and XA show large differences (in both 

dfrections) across different metaphases from the same individual. This level of noise 

requfres the use of at least moderately large samples combined with statistics based on 

differences among chromosomes from the same metaphase (rather than differences 

among pooled values from chromosomes across multiple metaphases). This level of 

noise also warrants considerable replication of a pattern before the pattern should be 

accepted. Nonetheless, the empirical data revealed significant differences among 

chromosomes, and a similar degree of excess accumulation on the X (7% and 8%) for the 

two individuals examined. 
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Comparison of Resolving Power of Probes 

A comparison of die LINE-1 FISH and the total genomic FISH suggests that 

LINE distribution corresponds to most of the repetitive signal in the bat genome. No 

short interspersed nuclear elements (SINEs) have been described for bats and information 

concerning the presence/absence of SINEs in the bat genome is needed to better 

imderstand the implications of the total genomic FISH observed for CarolUa. 

Heterochromatic blocks appear only in the total genomic FISH, and are similar to C-

bands for homologous elements in a given spread. These results suggest that FISH using 

LINEs or total genomic DNA probes may provide adequate resolution for chromosomal 

identification while avoiding problems associated with G-banding species for which 

methods have not been clearly defined. The observation that total genomic FISH 

provides greater acuity of bands suggests that of the two probes, total genomic FISH may 

provide the greatest number of bands for analysis where chromosomal banding has 

application. 

LINE Distribution and Failure to Reject 
the Lyon Repeat Hypothesis 

The Lyon model requires a higher density of LINEs on the inactivated portion of 

the X than on chromosomal regions that do not undergo inactivation. Because the spread 

of XIST along the X appears to be a cw-acting mechanism, her model does not preclude 

the existence of regions on other chromosomes that also have high densities of LINEs. A 

LINE-dense region on a different chromosome would be too distant to attract XIST. 
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Instead, tiie predictions of tiie model are local to tiie X and attached portions: (1) 

autosomes attached to the X that escape inactivation should have a low density of LINEs; 

and (2) autosomes attached to the X that undergo inactivation should have a sunilarly 

high density of LINEs as tiie ancesti-al region of the X itself Her model was derived 

from observations of de novo X-autosome translocations that collectively revealed these 

two properties. Likewise, further tests of tiiis model are possible by investigating otiier X-

autosome translocations. 

All species in the genus CarolUa have multiple sex chromosomes (X, Yi, Y2; see 

Fredga, 1970, for a review of the system and its taxonomic distribution), resulting from 

an X-autosome translocation. Based on the sequence divergence of the cytochrome b 

gene (Wright et al., 1999), the last common ancestor for all species in the genus CarolUa, 

in which the X-autosome translocation is present, was estimated to have existed seven 

million years ago (One species, C. castanea. is polymorphic for this system; Patton and 

Gardner, 1971). The jimcture between the ancesfral X and the translocated autosome is 

demarcated by a secondary constriction, which hybridizes to a ribosomal probe using 

FISH (Baker et al., 1992). Herein, we tested whether the original X stained more 

intensively with a probe for LINEs than do other parts of the karyotype. 

Results from our analysis indicate that the abimdance of LINE signal on the XA 

is not statistically different from the amount of signal on chromosome 1 or Y2,but that the 

Xo has a statistically significant greater level of signal than is present on the XA. If LINE 

abundance is critical to X chromosome inactivation and XA was statistically 

indistinguishable from the Xo in intensity of LINE signal, then an extension of the Lyon 
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repeat hypotiiesis would predict tiiat tiie XA would accompany the original X in 

inactivation. However, tiie condition tiiat tiie XA has remained autosomal ui its 

distiibution of LINEs would predict that the XA should not be uiactivated. Replication 

sttidies by Patiiak et al. (1973) indicate tiiat for tiie X and attached autosome, only tiie 

inactivated Xo chromosome replicates late in CarolUa females and that tiie XA attached 

to the late replicating Xo replicates in tiie same timefiame as tiie otiier autosomes. These 

data are compatible with tiie hypothesis tiiat the abundance of LINEs on the X 

chromosome is critical to X chromosome inactivation. Therefore, the possibility that 

LINEs act as booster elements for X inactivation remains viable. 

In contrast to tests based on new X-autosome translocations, ancient 

translocations have a special advantage. LINEs may accimiulate in sex-linked regions for 

various reasons unrelated to XIST, so a several-million-year-old X-autosome 

translocation may thus show a different pattern than a new one. The species studied here, 

CarolUa brevicauda, carries an X-autosome translocation that appears to be as old as the 

genus. Given the timeframe of the translocation, much of the signal we are seeing with 

the LINE probe is most likely from elements that inserted subsequent to the translocation 

event. (See Casavant et al., 2000, for evidence that older elements may loose thefr ability 

to be detected by FISH.) Thus a high density of LINEs was likely maintained on Xo 

without a concomitant accimiulation on XA- The age of the franslocation does not 

specifically enter into the test of Lyon's model, but older translocations may merely affect 

the opportunity for the model to be shown wrong if LINEs accumulate on the attached 

autosome for reasons imrelated to the Lyon model. 
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The secondary constriction, which is thought to consist of a region of tandemly 

repeated ribosomal genes, possibly may provide a deterrent to XIST spreading, sunilar to 

the observation by Duthie et al. (1999) tiiat large blocks of heterochromatin are a barrier 

to XIST spreading in rodents. Whether other cases of an autosomal translocation to the 

X have similar physical barriers that could play a role in differential inactivation of the 

true X is important to determine. 

Since the density of LINEs on these chromosomes may be affected by a large 

number of processes, only one of which involves thefr possible role in X inactivation, our 

test of the Lyon model (1998a) is one-sided. A high density of LINEs on the early 

replicating autosomal portion of the X warrants the model's rejection and thus constitutes 

a strong result; whereas, a low density of LINEs is consistent with the model but admits 

many alternatives, and thus is a weak result. Ideally, this type of test should be 

performed on many independently evolved X-autosome translocations of different ages. 

As little as one clear exception to the expected pattern would indicate that LINEs are not 

the sole mechanism of XIST spreading. Our paper provides one such test. Although 

more tests of this model are needed, our paper may be viewed as an illustration of the 

procedures and limitations of such tests based on in situ hybridization. 

Our results are consistent with the mechanisms previously proposed to explain X 

chromosome accumulation of LINEs. In particular, if LINEs are removed more rapidly 

from recombining regions of the genome by ectopic excision (Langley et al., 1989), XA 

would be expected to undergo recombination in all individuals, while Xo would undergo 

recombination only in females. Thus elements would be removed more rapidly from XA 
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and would accumulate on Xo- Similary, if LINEs are inserting preferentially into late 

replicating regions of the genome, they would be expected to accumulate on Xo, which is 

subject to late replication during X inactivation, but not on XA, which escapes 

inactivation (Pathak et al., 1973). Interestingly, Yi would also be expected to undergo 

late replication, but does not show the strong accumulation of LINEs seen on other 

mammalian Y chromosomes. 
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Table 2.1. Average intensity of LINE accumulation per unit length of chromosome. 
Average hybridization intensity is shown for each of the eleven spreads analyzed. The 
numbers 12 and 13 identify the two individuals used in this analysis. Signal on the 
original X (Xo) and the attached autosome (XA) are separated as described in the text. 
Units are arbifrary. Because of between-spread variation in hybridization intensity, valid 
comparisons can only be made between chromosomes within the same spread. 

CHR Spread 

3-6A 

12-7 A 

12-8 A 

12-9B 

12-10A 

12-11A 

13-OA 

13-7A 

13-8A 

13-9B 

13-12C 

Mean 

CHR1 

85.89 

57.21 

60.28 

54.30 

60.72 

42.73 

67.42 

74.12 

69.39 

67.10 

37.42 

61.51 

CHRXo 

116.57 

74.17 

70.85 

55.20 

69.72 

42.34 

75.45 

75.46 

83.01 

80.92 

47.26 

71.91 

C H R X A 

114.81 

69.51 

54.61 

49.43 

60.71 

44.61 

75.52 

73.46 

75.99 

71.77 

41.69 

66.56 

CHRYa 

84.26 

76.39 

65.59 

46.09 

63.94 

48.77 

52.38 

77.10 

84.50 

69.97 

48.35 

65.21 
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Chromosome 1 

Figure 2.1. Karyotype of a CarolUa showing the size and centromere placements. The 
four chromosomes that are quantified for LINE signal are: (1) the largest autosome 
(chromosome 1); (2) the original X (Xo); (3) an autosome that is translocated to the distal 
end of the Xo (XA); and (4) Y2, which is the autosome homologous to the translocated 
segment. The Yi, which is the original Y, is the small chromosome immediately below 
Y2. 

31 



32 



Chromosome 1 

t 
7 ^ 

33 



Figure 2.3. Fluorescent in situ hybridized spread of a Carollia brevicauda male probed 
with Cper2 LINE-1 probe. 
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Figure 2.4. Fluorescent in situ hybridized spread of a Carollia brevicauda male with a 
probe made from Total Genomic DNA from a male Carollia brevicauda. 
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CHAPTER ni 

DISTRIBUTION OF LINES ON MARSUPIAL 

CHROMOSOMES: DIVERGENCE IN 

GENOME CHARACTERISTICS 

BETWEEN MARSUPL\LS 

AND EUTHERIANS 

Abstract 

As noted by Graves and Westerman (2002), because marsupials and eutiierians 

are so distantly related (diverged from each other 130 mya), genomic differences between 

them can be exploited to analyze how pathways and systems evolved, and indfrectly to 

infer how they work. Our study examines the genomic distribution of the Long 

Interspersed Nuclear Element (LI, LINE), which is an RNA-mediated mobile DNA 

retrotransposon that is thought to be common in all mammalian genomes. Some of the 

characteristics of LINE distribution in eutherians are preferential accumulation on the X 

and preferential insertion into A-T rich regions, especially into G-bands. LINE probes 

were isolated from Didelphis (2n=22) and Marmosops (2n=14), and employed 

fluorescent in situ hybridization (FISH) to visualize the distribution of LINEs on 

representatives of these two genera. Employing quantification techniques, specifically 

line profiles, we statistically tested for X chromosome and G-band accumulation. Our 

results indicate that in marsupials (at least these two genera) there is not X chromosome 

accumulation of LINEs relative to the autosomes. Further, although there is linear 
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variation in LINE intensity along chromosomes (X and autosomes), this level is not as 

intense as is characteristic of eutherians, and we were unable to use variation in LINE 

intensity as a means to identify homologous chromosomes. G-bands are poorly or not 

defined by LINE abundance; however, classical G-banduig is well defmed in marsupials 

and can be used to identify homeologous chromosomes in distantly related taxa. 

Introduction 

LINEs (Long Interspersed Nuclear Elements, Lis) are mobile DNA that move 

throughout the genome using an RNA intermediary. In eutherian mammals, the 

accumulation on chromosomes, however, is not random (Edgell et al., 1987). The 

preferential accumulation of LINEs in the A-T rich regions referred to as G-bands, as 

well as the accumulation of LINEs on the X chromosome have been well established. 

The organisms studied to date are all eutherian mammals, including humans (Korenberg 

& Rykowski, 1988), rodents (Baker & Kass, 1994; Baker and Wichman, 1990; Boyle, 

1990), and bats (Parish et al., 2002). These conclusions have been documented by 

genome sequencing (Lander et al., 200I;Waterston et al., 2002) as well as fluorescent ui 

situ hybridization. Hybridization of an LI probe to genomic Southern blots from 

representatives of several orders of mammals, including marsupials, indicates that Lis 

have been a longstanding feature of the mammalian genome (Burton et al., 1986). LINEs 

have an ancient origin and whether or not this characteristic preferential insertion is 

present in non-eutherian mammals remains to be shown. Using quantification of signal 

in representatives of non-eutherian mammals, we ask three questions: (1) is there 
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significantiy more signal on the X chromosome than is characteristic of tiie autosomes? 

(2) Is there an increase of signal in G-bands, which are A-T rich regions? And (3) is this 

increase in signal in G-bands sufficient to document homologous elements within the 

karyotype? To answer these questions, our model system for genome organization of 

LINEs in metatherians (Subclass Metatheria) is two species of New World opossums 

{Didelphis and Marmosops). If these characteristics are present in marsupials, the most 

parsimonious explanation would be that the mechanisms that established these 

accumulation patterns were present in the populations that shared a common ancestry 

over 130 million years ago. If the characteristics of LINE genome distribution vary 

between marsupials and eutherians, then differences in genomic characteristics that 

distinguish marsupials from eutherians can be explored as potential insights into possible 

mechanisms that affect LINE behavior (Graves and Westerman, 2002). 

Typically, marsupials have lower diploid numbers than is generally characteristic 

of eutherians. G and C-bands are detectable in marsupials and G-bands can be used to 

identify homeologous chromosomes among different genera and higher taxa (Svartman 

and Vianna-Morgante, 1999). The diploid number is 2n=22 for Didelphis (Fig. 3.1) and 

2n=I4 for Marmosops (Fig. 3.2). The genome size for Didelphis is 3.8 billion base pairs 

(citation); however, the genome size for Marmosops has not been reported. 
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Metiiods and Materials 

Karvotvpjc Preparations 

Karyotypes were prepared from individuals of Didelphis virginiana (TK27755c?) 

and Marmosops noctivagus (TK104174$, TK104222c?) caught from nattiral populations 

using live fraps. Individuals were yeast stressed for 48 hours prior to karyotyping. After 

48 hours, individuals were injected with O.Icc of 0.04% Velban for IVi hours, sacrificed 

and bone marrow was isolated from the femur. Karyotypes were prepared using methods 

described by Baker and Qumsiyeh (1988), except that time in hypotonic was decreased to 

16 minutes. After the final wash in Camoy's Fixative, cell suspensions were stored at 

minus 2 0 ^ until slides were made by blaze-dry method for in situ hybridization. A 

Giemsa-stained karyotype is shown for Didelphis (2n=22) in Fig. 3.1 and Marmosops 

(2n=14) in Fig. 3.2. Methods and procedures described herein are approved by the 

Animal Care & Use Committee of Texas Tech University (01178-X to Robert D. 

Bradley). 

Origin of Probes and In Situ Hybridization 

The LINE probe Dyfr786b (575 bp) was isolated from Didelphis virginiana 

genomic DNA using tiie metiiod described by Canti-ell et al. (2000). Probes for in sitti 

hybridization were labeled by standard nick ti-anslation with biotinylated dATP using tiie 

GIBCO BRL (Gaitiiersburg, MD) BioNick nick ti-anslation kit following tiie 

manufacturer's instiuctions. Hybridization followed tiie procedures as previously 

described (Moyzis et al., 1987,1988; Baker and Wichman, 1990) using FITC avidui and 
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biotinylated anti-avidin, which combines to fluoresce green-yellow, counterstained with 

propidium iodide, which fluoresces red. Hybridization patterns were examined using an 

Olympus (Melville, NY) epifluorescent microscope witii a dual-band pass filter allowing 

the simultaneous visualization of propidium iodide and FITC. Images were recorded 

using SPOT Version 2.1.2 Camera (Diagnostic Instimnents, hic, Steriing Heights, MI) 

and Lnage Pro Plus 4.5 software (Media Cybernetics, Silver Spring, MD). 

Quantifying Signal Within and Among Chromosomes 

Metaphase chromosomes hybridized with LINE Dvfr786b were chosen in which 

all chromosomes could be identified unequivocally and where possible, free of overlaps. 

Spreads were chosen according with the greatest sharpness of chromosomal definition. 

In Didelphis, 13 such metaphase spreads hybridized to Dvfr786b were selected. In 

Marmosops, six spreads from the female and eleven spreads from the male were 

examined. The Image Pro Plus 4.5 program was used to quantify the intensity of green 

signal along each chromosome (chromosomes were identified according to length and 

centromere posftion). Using the methods described by Parish et al. (2002), up to three 

line profiles were generated for each chromosome. 

Additionally, we quenched the signal in eighteen Didelphis metaphase spreads to 

determuie the single brightest area fti each karyotype (Parish et al., 2002). We quenched 

the signal and compared the areas of brightest signal among chromosomes within a 

spread. 
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Statistical Methods 

To statistically analyze the variation across the width and along the length of the 

chromosome, the signal was calculated along three separate lines drawn from telomere to 

telomere across each chromosome for three spreads of both Marmosops and four spreads 

of Didelphis. The three lines were treated as replicates in the analyses below. This 

program generated signal levels for bins along the length of the chromosome (e.g., 

typically well over 100 bins for chromosome 1, over 30 bins for the X, and over 25 bins 

for Y), although the number of bins was lower in more contracted metaphase 

chromosomes than in less contracted ones. 

Nonlinear fimctions were fitted to each of the line profiles using orthogonal 

polynomial regression, in which the terms represent the independent variable (bin 

number, in this case) raised to increasing integer powers: 

Y = bo + biX' + b2^ + b}X^ + ... 

where bj represents the linear component of the relationship between YandX, b2 

represents the quadratic component, 6j the cubic component, etc. Unlike conventional 

multiple regression, the coefficients of orthogonal regression are statistically 

independent, so that the addition of terms of higher order does not affect the value (or 

level of statistical significance) of the lower terms. Similarly, the omission of non

significant lower terms does not affect tiie value of statistical significance of higher 

terms. Ratiier than being a y-uitercept in tiiis model, the term bo is f. For tiiis sttidy a 
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6 -order polynomial was found to provide adequate fit for all profiles, and no higher 

terms were statistically significant. 

A one-way fixed effects analysis of variance (ANOVA), with replicates nested 

within a chromosome, was used to test for differences in signal intensity between 

autosomal and X and Y sex chromosomes, separately by species (Tables 3.1 & 3.2). 

Mean signal per chromosome was estimated from the Â, orthogonal-polynomial term; 

maximum signal per chromosome was estimated as the maximum predicted value from 

the fitted polynomial fimction. Because the sample sizes for the chromosome sets were 

highly unbalanced (with much larger samples of autosomes than of sex chromosomes), 

ANOVA significance levels were estimated by random permutation of group 

membership under the null hypothesis that the three chromosomal groups are random 

samples from a single underlying population of chromosomes (Manly, 1991). When the 

overall ANOVA was judged to be statistically significant at an a-level of 0.05, the 

significance of pairwise comparisons among the three chromosome types was assessed 

by three pairwise t-tests, adjusting the level of statistical significance with the sequential 

Bonferroni adjustment (Rice, 1989). From these values, a box plot was generated for 

each species to depict the mean values compared to the range of values recorded (Figs. 

3.7 & 3.8). 

Pattern of Signal Compared to G-banding 
and Length of Chromosomes 

Individual chromosomes were examined to determuie if there was banding 

patterns associated with linear dimensions of individual chromosomes. Additionally, 
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multiple line profiles were generated for each chromosome and compared to detect 

consistent linear patterns, which might be assignable to G-band position. 

Results 

Karyotypes 

The karyotype of Didelphis virginiana contains 20 autosomes (12 subtelocentric, 

roughly classified into 3 size groups, and 8 acrocentiic autosomes) and 2 sex 

chromosomes, and 2 unequivocally identified sex chromosomes with X being a small 

submetacentric and Y a small acrocentric (Fig. 3.1). 

The karyotype of Marmosops noctivagus contains 12 autosomes (12 metacentiics 

and submetacentrics, classified into 4 size groups), and 2 unequivocally identified sex 

chromosomes with X being a small metacentric and Y a small acrocentric (Fig. 3.2). 

LINE Accumulation on Sex Chromosomes 
Relative to Autosomes 

Within the spreads examined, the X chromosome never was distinguished as 

uniquely bright within the karyotype. In Didelphis (Fig. 3.3) and in Marmosops (Fig. 

3.4), the X chromosome never contained a bin value highest for the respective karyotype. 

In most cases, a composite line profile for all chromosomes from a single spread showed 

the X chromosome to be central or in the lower half of the values for the autosomes 

{Didelphis, Fig. 3.5 and Marmosops, Fig. 3.6). According to the box plots (Figs. 3.7 & 

3.8), the accumulation on the X is not statistically different from that on the autosomes in 

eitiier Didelphis (p=0.079) or Marmosops (p=0.958). In Didelphis (Fig. 3.7), tiie X and 
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Y were not statistically different from each otiier (p=0.062); however, tiie autosomes 

were significantly different compared to the Y ui Didelphis (p<0.01). In Marmosops 

(Fig. 3.8), tiie Y was statistically different from tiie autosomes (p<0.01) and tiie X 

(p<0.01). 

Accumulation of LINEs in G-bands 
Along the Chromosomes 

Within Didelphis and Marmosops, we were unable to document a distinct pattem 

of differential accumulation of LINEs along the linear dimension of each chromosomal 

pafr. Banding present in the LINE probes in Didelphis was weakly defined or not 

detectable with our methods. In a few spreads, faint banding was present in Marmosops, 

but the definition of banding was never as distinct as that observed in humans, bats, and 

rodents (Korenberg & Rykowski, 1988; Baker & Kass, 1994; Parish et al., 2002). 

Multiple line profiles failed to produce patterns that could identify homologous patterns 

within a karyotype (Figs. 3.5 & 3.6). 

Accumulation of Signal as a Fimction 
of Size of the Chromosomes 

In all spreads (18 of 18), tiie largest level of signal in respective spreads was 

present on the autosomes. However, signal among chromosomes within a given 

karyotype was highly variable and there was no statistical association of lengtii of 

chromosomes and average value of signal intensity per bin (Figs. 3.5 & 3.6). hi all 
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spreads, an autosome was the brightest, not tfie sex chromosomes (large biarm ui 10 of 

18, medium acrocentric in 8 of 18). 

Discussion 

Evidence that the X chromosome in marsupials does not preferentially accumulate 

LINE elements includes the visual observations that the sfrongest signal ui the karyotype 

is not present on the X (Figs. 3.3 & 3.4). Electi-onically generated values of bins on 

individual chromosomes also indicate that the X chromosome has an average signal 

relative to the autosomal complement (Figs. 3.5 & 3.6). Six of seven line profiles placed 

the X in the central to lower regions when compared to autosomes. Statistically, the X 

chromosome is not different from the autosomes (Figs. 3.7 & 3.8), but the Y chromosome 

is statistically different from the autosomes in both Didelphis and Marmosops, and the X 

is significantiy different from the Y in Marmosops. The significance associated with the 

Y chromosome is most likely due to the small size of the Y and the small sample size. 

In combination, these observations form a robust empirical basis for concluding that there 

is not preferential accumulation of LINEs on the X chromosome in these two marsupial 

species. 

G-bands are distinctly present in marsupial species and can be used to identify 

homeologous segments or arms between distantly related species (Svartman and Viaima-

Morgante, 1999). Nonetheless, our data suggest that the preferential uisertion of LINEs 

into G-bands is insufficient to identify linear patterns of variation in signal to identify 

homologous chromosomes even within the same spread (Figs. 3.5 & 3.6). Multiple line 
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profiles through the same chromosome and comparisons among obviously homologous 

elements within the same karyotype failed to reveal unique banding patterns for 

chromosomal pairs. Quenching of the signal failed to produce distinct banding patterns 

along individual chromosomes. 

Several hypotheses have been advanced to explain the non-differential 

accumulation of RNA-mediated mobile DNA (Wichman et al., 1992). Within eutherian 

mammals, explanations include (I) sequence-specific insertion models (Sandmeyer et al., 

1990; Furano et al., 1986; Deininger, 1989), (2) S phase insertion models (Holmquist, 

1988; Manuelidis and Chen, 1990), (3) Ectopic excision models (Langley et al., 1988; 

Baker and Wichman, 1990; Hutchison et al., 1989), and (4) Recombination editing model 

(Wichman et al., 1992). Are any of these models adequate to explain the non-preferential 

accumulation of LINEs on the X in marsupials relative to that observed in the eutherians? 

Differences between the marsupial genome and the eutherian genome have been 

described. The following observations are reviewed in Graves and Westerman (2002): 

(1) Genes on the long arm and the pericentric region of the human X are present on the X 

of marsupials. Genes on the short arm on the human X are autosomal in marsupials (Glas 

et al., 1999) and that tiie high number of genes on tiie short arm of tiie human X escape 

inactivation may be notewortiiy. (2) The marsupial Y is composed of two regions, one of 

which shares much homology witii tiie human Y; whereas, tiie otiier region of tiie Y 

appears to be autosomal. (3) Marsupial X inactivation is simpler tiian tiiat of eutiierians. 

Graves and Westerman (2002) interpreted tiie marsupial condition to be ancesfral of 

eutherians. Marsupial X inactivation is incomplete, tissue specific and paternal rather 
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tiian random. X inactivation in marsupials involves histone deacetylation, but not DNA 

metiiylation (Wakefield et al., 1997; Cooper et al., 1993). (4) The presence of tiie XIST 

gene, which is thought to be responsible for X inactivation ui humans as well as other 

eutherians (Lyon, 1998a, b), has not been documented to be present in marsupials. 

To this list generated by Graves and Westerman (2002) can be added the absence 

of preferential accumulation of LINEs on the X chromosome, as well as, poorly defined 

G-banding by LINE element accumulation. Among the differences between marsupials 

and eutherians, the most intriguing relative to LINE distiibution is the difference between 

the characteristics of the human X and the marsupial X. To these differences, can be 

added the X accumulation of LINEs in eutherians compared to the absence of X 

accumulation of LINEs on the X in marsupials. The accumulation of LINEs on eutherian 

chromosomes has been hypothesized to fimction as the basis for XIST binding, which 

facilitates X inactivation. The observation that LINE elements do not preferentially 

accumulate on the X in marsupials may explain why XIST has not been detected in 

association with marsupial X inactivation. 

Concerning the failure of LINEs to preferentially accumulate in G-bands in 

marsupials, we note that G-bands are prominent on marsupial chromosomes, have an 

ancient origin and permit identification of chromosomes among distantly related 

marsupials. This resolution has been confirmed by chromosomal painting (Toder et al., 

1997; Glas et al., 1998; Rens et al., 1999,2001; De Leo et al., 1999). Altiiough G-bands 

appear to be stable in marsupials (Hayman and Martin, 1969), there are sufficient 
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differences in some aspect of the relationship of LI elements to G-bands to result in a 

different pattem in marsupials when compared to eutherian chromosomes. 
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Table 3.1. Mean intensity of LINE accumulation per unit length of the autosomes, the X 
chromosome, and the Y chromosome of Didelphis virginiana. The Mean Signal Intensity 
(MSI) and the Maximum Predicted Signal Intensity (MPSI) are shown for the values 
measured for each chromosome in four metaphase spreads. Units are arbifrary. 

Chromosome Type 

Autosomes 

X chromosome 

Y chromosome 

MSI 

121.37 

118.26 

109.86 

MPSI 

136.53 

129.97 

122.36 
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Table 3.2. Mean intensity of LINE accumulation per unit length of the autosomes, the X 
chromosome, and the Y chromsome of Marmosops noctivagus. The Mean Signal 
Intensity (MSI) and the Maximum Predicted Signal Intensity (MPSI) are shown for the 
values measured for each chromosome in six metaphase spreads. Units are arbitrary. 

Chromosome Type 

Autosomes 

X chromosome 

Y chromosome 

MSI 

124.5 

127.7 

89.0 

MPSI 

140.56 

140.14 

95.02 
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Fig. 3.1. Karyotype of Didelphis virginiana male (2n=22) showing the size and 
centromere placements. Specimen was collected from Lubbock County, Texas, and is 
referenced as TK27755. Voucher specimen is deposited in the Texas Tech Museum. 
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Figure 3.2. Karyotype of Marmosops noctivagus male (2n=14) showing the size and 
centromere placements. Specimen was collected from Puyo, Ecuador, and is referenced 
as TKl04222. Voucher specimen is deposited in the Texas Tech Museum. 
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Figure 3.3. Fluorescent in situ hybridized spread of a Didelphis virginiana male 
(TK27755) probed with Dvir786b LINE-1 probe. 
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Figure 3.4. Fluorescent in situ hybridized spread of a Marmosops noctivagus female 
(TKl04176) probed with Dvir786b LINE-1 probe. 
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Figure 3.5. Composite line profile of all of the individual chromosomes in one 
metaphase spread of Didelphis virginiana. Chromosomes are numbered accorduig to 
length order in karyotype with one being the longest and ten being the shortest autosome. 
Notice how the scores for the line diagram of the X is posftioned among the lowest values 
for the autosomes (X is the red line). 
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Figure 3.6. Composite line profile of all of the individual chromosomes in one 
metaphase spread of a Marmosops noctivagus male. Chromosomes are numbered 
according to length order in karyotype with one being the longest and six being the 
shortest autosome. Notice the relative intensity of the X chromosome (red line) to the 
intensity of the autosomes (blue lines). 
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Figure 3.7. Box plot diagram for values generated from the compilation of data from 
each individual chromosome in four metaphase spreads of Didelphis virginiana. 
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Figure 3.8. Box plot diagram for values generated from the compilation of data from 
each individual chromosome in six metaphase spreads of Marmosops noctivagus. 
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CHAPTER rV 

ON THE RELATIONSHIP OF CHROMOSOME SIZE, 

KARYOTYPE SYMMETRY AND DIPLOID 

NUMBER TO THE ACCUMULATION OF 

LI ELEMENTS ON THE X IN THE BAT 

TONATLi SAUROPHILA 

Abstract 

In Chapter III, two alternative hypotheses were proposed to explain why there 

was not preferential accumulation of LI elements on the X chromosome in marsupials 

relative to the level of accumulation of LINEs on the X of eutherians. The first 

hypothesis relates to crossing-over frequency in the X versus the autosomes. In both 

marsupials and eutherians, the X chromosome experiences less crossing-over (crossing-

over only occurs in females) than do the autosomes where crossing-over occurs in both 

sexes (Langley, 1989; Baker and Wichman, 1990), and crossing-over can remove LINEs 

by ectopic excision (Wichman et al., 1992). For most eutherians, because the X is more 

similar in size to the autosomes, and because the X experiences less crossing-over than 

the autosomes, the X of eutherians would preferentially accumulate LINEs. 

Altematively, in marsupials because the X was significantiy smaller relative to the size of 

all of the autosomes, per unit of DNA, there could be a greater frequency of crossing-

over in the X of marsupials relative to crossing-over in the autosomes, in spite of not 

crossing-over in males. This could result in the X of marsupials having lower copy 
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number of LINEs relative to the copy number on autosomes. The second hypothesis is 

that there are genomic and molecular differences between marsupials and eutherians 

(Graves & Westerman, 2002) that account for X accumulation of LINES. To address the 

altemative explanations of why the X chromosome does not preferentially accumulate 

LINEs in marsupials, we employed a eutherian bat, Tonatia saurophila, which exhibits a 

similar karyotype to the marsupials, both in morphology and diploid number (Baker and 

Hsu, 1970). The observations formed a robust dataset that documented that the pattem of 

accumulation of LINEs on the X chromosome in Tonatia is typical of that observed for 

other eutherian mammals. Comparing the intensity of signal on the X to that present in 

the autosomes, the X was statistically more intense (p<0.01). Comparing the intensity of 

signal on the autosomes to that present on the Y, the two were not statistically different 

(p=0.260); whereas, comparing tiie X to the Y, the X was significantiy more intense 

(p=0.014). These data permft the rejection of the hypotiiesis that karyotypic 

characteristics such as size of the X relative to tiie autosomes are predictive of levels of 

LINE accumulation on the X that distinguish marsupials from eutherians. The altemative 

hypothesis that the difference between the marsupial and eutherian X accumulation 

characteristics has a genomic or molecular origin remains viable. 

Infroduction 

The observation tiiat LINEs (Long Interspersed Elements, Lis) do not 

preferentially accumulate on the X chromosome in two marsupials, Didelphis and 

Marmosops (see Chapter III), raises a question concermng the relationship between 
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chromosome size, karyotype symmetiy and diploid number to the accumulation of LINE 

elements on the X. The explanation for an abundance of LINEs on the X chromosome of 

humans and mice is that the X chromosome experiences less crossing over than is typical 

of tiie autosomes (Baker and Wichman, 1990; Langley et al., 1989; Wichman et al., 

1992). Because the X chromosome does not cross over with the Y, crossing over for the 

X is restricted to gametes in females; whereas within autosomes, crossing over can occur 

in gametes produced by both males and females. However, if the autosomes are much 

larger than the X, as is the condition in both Didelphis and Marmosops, and there is a 

single crossover per chromosome arm per meiosis (Intemational Human Genome 

Sequencing Consortium, 2001), then the relative abundance of crossing-over per length 

of chromosome might be less per unit of DNA in large autosomes than in a smaller X. 

Such a relationship would result in a lower level of LINE accumulation on the X typical 

of the autosomes, as was observed in the marsupial study. 

To resolve if the situation documented for marsupials is a function of karyotype, 

we employed a eutherian karyotype with a diploid number, size of X chromosome, and 

morphology of autosomes similar to that present in the examined opossums (Chapter III). 

At least two results are possible. First, the X chromosome in the eutherian could 

accumulate LINEs on the X uidistinguishable to that observed in the marsupials. This 

result would be compatible with the hypothesis that chromosomal size and karyotype 

symmetiy are an important force in dictating LINE accumulation. Second, the X 

chromosome in the eutherian could accumulate LINEs in a fashion typical of otiier 

eutiierians. This result would be compatible witii the hypotiiesis that some aspects of 
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eutiierian genome organization or of eutherian molecular characteristics relative to that 

present in marsupials are responsible for the differences between marsupials and 

eutherians in X chromosome accumulation of LINEs. 

Using the same quantification method employed in the marsupial study, we 

examine LINE accumulation on the X and autosomes in a eutherian karyotype of Tonatia 

saurophila (2n=16), which has a similar sized X chromosome relative to the total DNA 

present in the autosomes. Assuming that the frequency of crossing-over on chromosomal 

arms among Didelphis, Marmosops and Tonatia are similar, and that crossing-over is the 

primary factor in LINE containment, then the pattem of LINE accumulation on the X 

should be the same in these morphologically similar karyotypes. Altematively, if other 

genome characteristics unique to eutherians as compared to marsupials are the 

mechanisms that dictate LINE accumulation on the X, then the conditions associated with 

Tonatia should be more typical of eutherians than similar to marsupials. To address this 

issue, we ask the same three questions concerning the abimdance of LINEs in the genome 

of Tonatia, as we did ui the marsupial shidy (Chapter III): (1) is tiiere preferential 

accumulation of LINEs on the X chromosomes? (2) Is tiiere G-band defmition ui LINE 

abundance present on the chromosomes? And (3) is this defmition of G-bands sufficient 

to identify homologous elements within tiie karyotype? 

The karyotype of Tonatia saurophila was described by Baker and Hsu (1970) as 

having a diploid number of 16 and a fimdamental number of 20. These authors described 

an individual from Trinidad that has one large pafr of submetacentiic autosomes, two 

pairs of subtelocentiic autosomes, and four pairs of acrocentric autosomes. The X is 
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smaller tiien any of tiie autosomes, and tiie Y is a minute acrocentiic. The specimen 

studied herein was collected in northwestem Ecuador near San Lorenzo and can be 

distinguished from the Trinidadian specimen by the presence of an additional pafr of 

subtelocentric autosomes and one less pafr of acrocentric autosomes (Fig. 4.1). 

Presumably, this difference can be explained by an inversion in a single pair of 

autosomes; however, the dfrection of this inversion cannot be established because we do 

not know what the primftive condition for this autosomal pafr is in Tonatia saurophila. 

The karyotype described above for T. saurophila was reported as a specimen of Tonatia 

bidens (Baker and Hsu, 1970). What was recognized as T. bidens prior to 1995 has 

subsequently been divided into T. saurophila, which is distributed from central Pern to 

northeastern Brazil to southern Mexico and Jamaica (Williams et al., 1995). These 

authors restricted Tonatia bidens to southern Brazil to northem Argentina. Our specimen 

from western Ecuador is clearly referable to Tonatia saurophila based on morphology 

and geographic distribution. 

Methods and Materials 

Karyotypic Preparations 

Karyotypes were prepared from an individual of Tonatia saurophila 

(TK104519(5*) caught from natural populations usuig mist nets. Individual was injected 

witii 0.02cc of 0.04% Velban for VA hours, sacrificed and bone marrow was isolated 

from tiie humeri. Karyotypes were prepared tiie morning after capture, using methods 

described by Baker and Qumsiyeh (1988), except tiiat tune ui hypotonic was decreased to 
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12 minutes. After the fmal wash in Camoy's Fixative, cell suspensions were stored at 

minus 20°F until slides were made by blaze-dry method for in situ hybridization. A 

Giemsa-stained karyotype is shown for Tonatia saurophila (2n=I6) in Fig. 4.1. 

Origin of Probes and In Situ Hybridization 

The LINE probe Tbid8b (575 bp) was isolated from Tonatia saurophila genomic 

DNA (TK 104519) using tiie metiiod described by Canti-ell et al. (2000). Probes for in 

situ hybridization were labeled by standard nick translation with biotinylated dATP using 

tiie GIBCO BRL (Gaitiiersburg, MD) BioNick nick ti-anslation kit following tiie 

manufacturer's instmctions. Hybridization followed the procedures as preciously 

described (Moyzis et al., 1987; 1988; Baker and Wichman, 1990) usuig FITC avidin and 

biotinylated anti-avidin. Hybridization patterns were examined using an Olympus BX51 

(Melville, NY) reflected fluorescence system allowing the simultaneous visualization of 

propidium iodide and FITC. Images were recorded using tiie GENUS System by Applied 

Imaging (Fig. 4.2). 

Quantifying Signal Within and Among Chromosomes 

Metaphase chromosomes hybridized witii LINE TbidSb (appears green/yellow) 

were chosen in which all chromosomes could be unequivocally identified and free of 

overlapping chromosomes. Spreads were chosen according to the sharpness of 

chromosomal defmition. hi Tonatia, 14 such metaphase spreads hybridized to Tbid8b 

were selected. The Image Pro Plus 4.5 software (Media Cybemetics, Silver Spring, MD) 
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was used to quench and to quantify the intensity of green signal along each chromosome 

(chromosomes were identified according to length and morphology). A line profile was 

generated for each chromosome in each metaphase spread to show the relationship of the 

signal intensity of the sex chromosomes to the autosomes. The area of signal among 

autosomes and sex chromosomes within a single spread was identified by displaying the 

signal within all chromosomes into a single graph (Fig. 4.3), which demonstrated varying 

levels of intensity among chromosomes (Parish et al., 2002). Multiple spreads were 

examined to document variation of individual chromosomes among different spreads. 

Additionally, we quenched the signal in fourteen Tonatia saurophila metaphase 

spreads to determine the single brightest area in each karyotype (Parish et al., 2002). We 

quenched the signal and compared the largest and brightest signal among the spreads. 

Statistical Methods 

To statistically analyze the variation across the width and along the length of the 

chromosome, the signal was calculated along three separate lines drawn from telomere to 

telomere across each chromosome for seven spreads of Tonatia. The three lines were 

treated as replicates in the analyses below. This program generated signal levels for bins 

along the lengtii of tiie chromosome (e.g., typically over 100 bins for chromosome 1, over 

20 bins for tiie X, and over 10 bins for Y), altiiough tiie number of bins was lower in 

more contracted metaphase chromosomes than in less contracted ones. 
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Nonlinear functions were fitted to each of the line profiles using orthogonal 

polynomial regression, in which the terms represent the independent variable (bin 

number, in this case) raised to increasing integer powers: 

Y = bo + biX' -^ b2X^ + b3^ + ... 

where bj represents the linear component of the relationship between Fand A', 62 

represents the quadratic component, bj the cubic component, etc. Unlike conventional 

multiple regression, the coefficients of orthogonal regression are statistically 

independent, so that the addition of terms of higher order does not effect the value (or 

level of statistical significance) of the lower terms. Similarly, the omission of non

significant lower terms does not affect the value of statistical significance of higher 

terms. Rather than being a F-intercept in this model, the term 60 is Y. For this study, a 

6*-order polynomial was found to provide adequate fit for all profiles, and no higher 

terms were statistically significant. 

A one-way fixed effects analysis of variance (ANOVA), with replicates nested 

within a chromosome, was used to test for differences in signal intensity between 

autosomal and X and Y sex chromosomes, separately by species (Table 4.1). Mean 

signal per chromosome was estimated from the 6̂  orthogonal-polynomial term; 

maximum signal per chromosome was estimated as the maximum predicted value from 

tiie fitted polynomial function. Because tiie sample sizes for tiie chromosome sets were 

highly unbalanced (witii much larger samples of autosomes than of sex chromosomes), 

ANOVA significance levels were estimated by random permutation of group 
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membership under the null hypothesis that the three chromosomal groups are random 

samples from a single underlying population of chromosomes (Manly 1991). When the 

overall ANOVA was judged to be statistically significant at an a-level of 0.05, the 

significance of pairwise comparisons among the three chromosome types was assessed 

by three pairwise t-tests, adjusting the level of statistical significance with the sequential 

Bonferroni adjustment (Rice 1989). From these values, a box plot was generated for 

each species to depict the mean values compared to the range of values recorded (Fig. 

4.4). 

Results 

Karyotype 

The autosomes of Tonatia saurophila include one large pair of submetacentrics, 

three pairs of subtelocentrics, and three pairs of acrocentrics (two distinguishable sizes). 

The X chromosome is a small submetacentric that is roughly Vi the size of the smallest 

pair of autosomes and the Y is a minute acrocenttic (Fig. 4.1). Important to this study, 

the relative size of the X chromosome is similar to that observed in Didelphis and 

Marmosops. 

Determination of the Strongest Area of Signal 

Within respective karyotypes, the X chromosome was immediately identifiable by 

the high level of visible LINE signal (Fig. 4.2). Within the karyotype of T. saurophila, 

all chromosomes can be identified unequivocally. This permits identification of the 
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chromosome with the sti-ongest area of signal and relative chromosomal position of that 

signal (the fu-st area of green visualized as green appears on the screen). For six out of 

twelve spreads examined by the quenching capability of the Image Pro Plus 4.5 software, 

the sfrongest signal was on the X. The exact chromosomal posftion of the most intense 

area in these six X chromosomes was variable, but the entire Xliad a high level of 

fluorescent signal. In the other six spreads, the most intense region was present on the 

centromeric region of either the largest acrocentric (3 of 6) or the largest biarm (3 of 6). 

For these six spreads in which the X was not the most intense, the X was second most 

intense in one, third most intense in three, and in the remaining two, the X appeared to be 

among the chromosomes with the most intense signal but was not in the top three. In all 

of these spreads, the X appeared to be more intense along its entfrety than all other 

chromosomes. 

The relationship of the overall intensity of autosomes to the X can be visualized in 

Figure 4.3, which is a line profile of all of the chromosomes within a single metaphase 

spread. For this portion of the study, we examined seven spreads and for each spread, 

three line profile replicates were generated by measuring at increments across each 

individual chromosome. Replicates gave the same general pattem. A summary of the 

pattem uidicates that the X chromosome graphed higher than most of the autosomal 

regions and, as a unit, the X in its entfrety consistentiy scored high relative to the graph 

position of autosomes. This difference is reflected below in the statistical test. 

Comparing the intensity of signal on the X to that present in the autosomes (Fig. 

4.4), the X was statistically more uitense (p<0.01). Comparing the uitensity of signal on 
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tiie autosomes to that present on tiie Y, the two were not statistically different (p=0.260). 

Whereas, comparing the X to the Y, the X was significantly more intense (p=0.014). 

Line profiles drawn through homologous elements identified by size and 

cenfromere placement revealed considerable variation; but withui this variation, there 

were definite patterns of intensity of LI elements that could be identified for several 

different homologous pairs within and among several different spreads (Fig. 4.5). To 

address this question, three line profiles were generated for each individual chromosome 

within a single karyotype, and using these profiles, comparisons among homologous 

elements from seven different spreads were made. The pattem of linear variation in band 

intensity from LI FISH for a single spread is shown in Fig. 4.3, and the pattem for the 

two largest chromosomes from each of the seven spreads is shown in Fig. 4.6. 

Discussion 

Preferential Accumulation on the X 

Several lines of evidence indicate that within Tonatia saurophila, the X 

chromosome preferentially accumulates LI elements relative to the remainder of the 

karyotype. This evidence includes the striking presence of fluorescent green signal on 

the X chromosome, the posftion of the LINE profile for the X when graphed by LINE 

intensity against tiie autosomes, and the statistical test (p<0.01) for a higher level of 

intensity when compared to the autosomes (Fig. 4.4). hi combination, these observations 

form a robust dataset that documents that the pattem of accumulation of LINEs on the X 

in Tonatia is typical of that observed for otiier eutiierian mammals witii more typical 
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karyotypic characterisitics. Thus, the hypothesis that the difference between the 

marsupial and eutherian X accumulation characteristics is genomic or molecular remains 

a viable hypothesis. Therefore, these data permit the rejection of the altemative 

hypothesis that karyotypic characteristics such as size of chromosomes are predictive of 

levels of LINE accumulation on the X. 

G-Band Definition Due to LINE Abundance 

In eutherian mammals, linear variation in intensity of LINEs on homologous 

chromosomes has been documented to be sufficiently consistent to permit identification 

of individual chromosomes within a given karyotype (Korenberg & Rykowski, 1988; 

Baker and Kass, 1994; Parish et al., 2002). The strongest area of signal in eutherians has 

been associated with the presence of G-bands (Korenberg and Rykowski, 1988; Baker 

and Kass, 1994). G-bands are not available for Tonatia saurophila; however, 

homologous elements can be recognized based on size and centromere position, 

permitting comparison of homologous elements within and among spreads. Is there 

sufficient resolution in line profiles of individual chromosomes produced from 

fluorescent in situ hybridization of LI elements along chromosomes to identify 

homologous elements present in the karyotype of Tonatia saurophilal Our results 

indicate that there clearly is chromosomal banding produced by LINE hybridization in 

Tonatia. Altiiough there is variation in multiple lines drawn through a single 

chromosome, homologous chromosomes within a single spread (Fig. 4.5) as well as 

homologous chromosomes from different spreads (Fig. 4.6) still show patterns of linear 
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intensity in LI FISH that identify homologous elements. These patterns are visible in 

multiple lines drawn across different parts of each chromosome and in chromosomes 

from different spreads. The level of resolution, however, is cmde. For example, in the 

largest pair of autosomes, which comprise 25% of the total karyotype, there were six 

regions of intensity that typically were identifiable among spreads. This would mean that 

ui a karyotype witii 300+ G-bands, each of tiiese peaks would be composed of several 

different G-bands. Nonetiieless, when relative size of an element, centi-omere position, 

and LINE bands are available, identification of homologous elements may be relatively 

successful. 
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Table 4.1. Mean intensity of LINE accumulation per unit length of the autosomes, the X 
chromosome, and the Y chromsome of Tonatia saurophila. The Mean Signal Intensity 
(MSI) and the Maximum Predicted Signal Intensity (MPSI) are shown for the values 
measured for each chromosome in seven metaphase spreads. Units are arbitrary. 

Chromosome Type 

Autosomes 

X chromosome 

Y chromosome 

MSI 

109.08 

138.58 

121.79 

MPSI 

131.65 

160.96 

141.99 
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Figure 4.1. Karyotype of Tonatia saurophila male (2n=16) showing the size and 
centromere placements. Specimen was collected near San Lorenzo, Ecuador, and is 
referenced as TKl04519. Voucher specimen is deposited in the Texas Tech Museum. 
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Figure 4.2. Fluorescent in situ hybridized spread of a Tonatia saurophila male 
(TK104519) probed with TbidSb LINE-1 probe. 
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Figure 4.3. Composite line profile of all of the individual chromosomes in one 
metaphase spread of Tonatia saurophila. Chromosomes are numbered according to size 
order from largest to smallest in karyotype. Notice that the line profile for the X 
chromosome contains the highest values for any chromsome (red line). 
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Figure 4.4. Box plot diagram for Mean Signal Intensity (MSI) values generated from the 
compilation of data from each individual chromosome in seven metaphase spreads of 
Tonatia saurophila. 
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CHAPTER V 

DISTRIBUTION OF LINES DSf HOMO SAPIENS: 

QUANTIFYING FISH SIGNAL 

Abstract 

To better understand the significance of observed variation in fluorescent in situ 

hybridization studies, we generate an estimate of proportionality by comparing the real 

difference in LINE copy number in the X relative to LINE copy number in the autosomes 

(IHGSC, 2001) to quantified values for both the X and the autosomes using fluorescent ui 

situ hybridization. Korenberg and Rykowski (1988) noted that LINEs preferentially 

accumulate on the X and in AT rich regions known as G-bands. LINEs were generally 

absent from centromeric regions on all chromosomes, and absent in heterchromatic 

regions. They noted that without quantitative analyses, conclusions about the overall 

proportionality of LI hybridization to the intensity of fluorescent signal could not be 

made. We used the data from the Human Genome Project for differences between the X 

chromosome and the autosomes in LINE accumulation to calibrate the significance of our 

quantification methods. The Human Genome data showed tiiat the X chromosome 

(18.5%) has twice as many LINE copies as the autosomes (7.5%; MGSC, 2002). As 

would be expected from LI FISH hybridization, tiie signal intensity difference between 

the X and the autosomes is significant below tiie 0.01 level. However, tiie level of 

uitensity of FISH signal is not doubled, but results in an average increase in signal 

intensity from FISH quantification by 20%. 
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Inti-oduction 

In the 15 February 2001 issue of Nature, the draft human genome sequence was 

published. The available sequence covers about 94% of tiie human genome, considering 

the physical map of the euchromatic part of the human genome and additional sequence 

in the public databases. The collaborative effort made a colossal amount of information 

available, including three details relevant to this study: (1) half of the human genome is 

derived from transposable elements (21% of human genome is comprised of LINEs), 

although there has been a marked decline in primate transposition activity over the past 

40 million years; (2) AT rich regions are strongly correlated with G-bands; and (3) 

recombination rates promote the occurrence of at least one crossover per chromosome 

arm in each meiosis (Intemational Human Genome Sequencing Consortium, 2001; Smit, 

1999). 

LINEs (Long Interspersed Elements, Lis) are one of the most ancient and 

successful transposable elements in the genome. These transposons are between 5 and 7 

kb long, employ an internal polymerase II promoter and encode two open reading frames 

(ORFs), one of which encodes the reverse transcriptase protein necessary to move about 

the genome. LINEs have shaped the genome by causuig ectopic rearrangements, creating 

entfrely new genes, modifyuig and reshuffling existing genes, and modulating overall GC 

content, leading to information on chromosome structure and dynamics (IHGSC, 2001). 

LINEs have been documented to accumulate on the sex chromosomes of human, 

and are particularly common in the regions involved in X chromosome inactivation of 

one of the two copies of the X chromosome in female mammals (Mouse Genome 
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Sequencing Consortium, 2002; IHGSC, 2001; Bailey et al., 2000; Lyon, 1998). 

According to the recent publication of the Mouse Genome Project, LI density is 1.5 to 

twofold higher on tiie sex chromosomes (MGSC, 2002). The accumulation of LINEs on 

tiiie sex chromosomes has led to suggestions that LI copies may be ftivolved ui X 

chromosome inactivation (Lyon, 1988; Bailey, 2000). 

In a landmark paper relative to in situ hybridization, Korenberg and Rykowski 

(1988) documented the general distribution characteristics of LINEs in the human 

genome. They noted that LINEs preferentially accumulate on the X and in AT rich 

regions known as G-bands. LINEs were generally absent from centromeric regions on all 

chromosomes, as well as, in heterochromatic regions. They noted, however, that wdthout 

quantitative analyses, they could not make conclusions about the overall proportionality 

of LI hybridization to the intensity of fluorescent signal. 

The detailed information available from the Human Genome Project permits some 

quantification of signal relative to copy number. With a known copy number on the X 

and the autosomes, using the amount of signal to calibrate methods such as fluorescent in 

situ hybridization (FISH) is possible. Such a calibration would have application where 

copy number is not available to provide an estimate based on the human data. The X 

chromosome in humans preferentially accumulates LINEs relative to autosomes and 

estunates are that 17.5% of the X is LI elements; whereas, 7.5% of the autosomes is 

LINEs (MGSC, 2002). By ui sihi hybridizing LI elements to these chromosomes with 

different copy numbers, and comparing the intensity of signal on the X relative to the 

autosomes for which LINE copy number has been estimated by sequencing, I propose to 
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calculate the differences in intensity on the X and autosomes as a calibration of variation 

of intensity in in situ hybridizations among chromosomes. 

Methods and Materials 

G-banding 

G-bands are routinely used for clinical evaluation of human chromosomes using 

brightfield microscopy. Human karyotypes were prepared in the clinical cytogenetics lab 

of Dr. Vijay Tonk, Texas Tech University Health Sciences Center. Metaphase cell 

suspensions were dropped onto slides and allowed to dry overnight at 60 degrees. Slides 

were removed and dipped in working trypsin solution for 1-2 minutes. To stop the trysin 

action, slides were dipped in fetal bovine serum solution for 3-5 seconds and then into 

sodium chloride rinse solution for 3-5 seconds. Slides were then stained with Giemsa for 

1-4 minutes, rinsed with distilled water and dried with bibulous paper. Dr. Tonk 

identified the human chromosomes using the banding patterns produced by the G-bands 

(Fig. 5.1). 

Fluorescent In Situ Hybridizations (FISH) 

For all spreads examined, G-banding was performed ui the laboratory of Dr. Vijay 

Tonk. Slides were then transported to the laboratory of Dr. Robert Baker, where G-

banded spreads were photographed using brightfield photography with coordinates 

recorded for identification of location of spread on slide. G-banded slides were then 

destained in Camoy's fixative for 2-3 minutes, rinsed in RO water and afr-dried. 
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The LINE probe Hsnp626b (575 bp) was isolated from Homo sapiens genomic 

DNA using tiie metiiod described by Canti-ell et al. (2000). Probes for in sitii 

hybridization were labeled by standard nick franslation witii biotuiylated dATP using the 

GIBCO BRL (Gaithersburg, MD) BioNick nick ti-anslation kit followuig the 

manufacturer's instmctions. Hybridization followed the procedures as preciously 

described (Moyzis et al., 1987; 1988; Baker and Wichman, 1990) usuig FITC avidui and 

biotinylated anti-avidin. Hybridization patterns were examined using an Olympus BX51 

(Melville, NY) reflected fluorescence system allowing the simultaneous visualization of 

DAPI (4,6-diamidino-2-phenyl indole) and FITC (fluoro-isothiocyanate). Spreads with 

previously photographed G-bands were located using the coordinates recorded and 

photographed using the GENUS System by Applied Imaging (Fig. 5.2). 

Line Profiles 

Metaphase chromosomes hybridized with LINE Hsnp626b (hybridization signal 

appears green/yellow) were chosen in which all chromosomes were identified to the 

human standard. Spreads were chosen according to the sharpness of chromosomal G-

band definition. Six such metaphase spreads hybridized to Hsnp626b were selected. The 

Image Pro Plus 4.5 software (Media Cybemetics, Silver Spring, MD) was used to 

quantify the intensity of green signal along each chromosome. To provide a more 

complete score for intensity of in situ hybridization signal, three line profiles were 

generated for one homologue of each chromosome pafr in each metaphase. The three 

lines were treated as replicates in the analyses below. The values from the three lines 
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were then summated and that composite value was used to compare the intensities 

between the sex chromosomes and the autosomes. The area of signal among autosomes 

and sex chromosomes within a single spread was identified by displaying the signal 

within all chromosomes into a single graph (Fig. 5.3), which demonsfrated varying levels 

of intensity among chromosomes (Parish et al., 2002). 

Statistical Comparisons 

Nonlinear fimctions were fitted to each of the line profiles using orthogonal 

polynomial regression, in which the terms represent the independent variable (bin 

number, in this case) raised to increasing integer powers: 

Y = bo + biX' + b2^ + b3^ + ... 

where bj represents the linear component of the relationship between YandX, b2 

represents the quadratic component, 6j the cubic component, etc. Unlike conventional 

multiple regression, the coefficients of orthogonal regression are statistically 

independent, so that the addition of terms of higher order does not affect the value (or 

level of statistical significance) of the lower terms. Similarly, tiie omission of non

significant lower terms does not affect the value of statistical significance of higher 

terms. Rather than being a y-ftitercept in tiiis model, the term bo is Y. For this study, a 

6*-order polynomial was found to provide adequate fit for all profiles, and no higher 

terms were statistically significant. 
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A one-way fixed effects analysis of variance (ANOVA), witii replicates nested 

within a chromosome, was used to test for differences in signal intensity between 

autosomal and X and Y sex chromosomes, separately by species (Table 5.1). Mean 

signal per chromosome was estimated from the b^ orthogonal-polynomial term; 

maximum signal per chromosome was estimated as the maximum predicted value from 

the fitted polynomial function. Because the sample sizes for the chromosome sets were 

highly unbalanced (with much larger samples of autosomes than of sex chromosomes), 

ANOVA significance levels were estimated by random permutation of group 

membership under the null hypothesis that the three chromosomal groups are random 

samples from a single underlying population of chromosomes (Manly, 1991). When the 

overall ANOVA was judged to be statistically significant at an a-level of 0.05, the 

significance of pairwise comparisons among the three chromosome types was assessed 

by three pairwise t-tests, adjusting the level of statistical significance with the sequential 

Bonferroni adjustment (Rice, 1989). From these values, a box plot was generated from a 

t-test for Homo to depict the mean values compared to the range of values recorded (Fig. 

5.5). 

Results 

G-banded Karyotypes 

Ideograms of G-banding pattems at various band levels have been established for 

human chromosomes. Ideograms correspond to the ISCN( 1981) nomenclature. An 

ideogram for chromosome X is shown in Figure 5.4. One of the G-banded human 
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metaphase spread used in tiiis stiidy is shown in Figure 5.1. The same spread witii tiie 

LINE hybridization is shown in Figure 5.2. 

The LI FISH revealed an accumulation of fluorescent signal on the X 

chromosome. The signal was detected at a higher uitensity at the qI3 band of tiie X 

chromosome, or between qI2 and q21 (Fig. 5.4). 

Determining the Strongest Area of Sip;na1 

Upon visual uispection of the human LI FISH, tiie X and the Y were easily 

identified (Fig. 5.2). 

Comparing the intensity of signal on the X to that present in the autosomes in the 

box plots (Fig. 5.5), the X was more intense and the observed difference is statistically 

significant (p<0.01). Comparing the intensity of signal on the autosomes to that present 

on the Y, the Y was statistically different (p<0.01). Whereas, comparing the X to the Y, 

the difference was not significant (p=0.935). 

G-banded X Compared to LI FISH X 

The relationship of G-band presence to intensity of LINE for the X chromosomes 

is shown in Figure 5.6. Established from the line profile, there is general agreement that 

where a dark G-band is present (low level of signal), there is greater intensity of LI 

signal (high level of signal). Arrow in figure indicates relative position of qI3 band. 
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Discussion 

Using t-test and Box Plots (Fig. 5.5), there is sfrong statistical support that the 

amount of signal on the X is more intense and statistically different from the autosomes 

(p<0.01). The mean signal scores calculated for the autosomes was 154.11, for the X was 

189.44, and for the Y was 188.65. The increase in mean signal between the X and the 

autosomes is 20%. This 20% represents the in situ hybridization manifestation of a 

doubling of copy number in the X relative to the autosomes. Why the difference between 

the X and autosomes is not greater is yet unclear, but there are some possible 

explanations. One explanation is that G-banding prior to FISH may have affected the 

signal and background hybridization level, although this does not explain why the copy 

number would be reduced in the X disproportionately to the autosomes. Another 

explanation might be intensity of signal relative to saturation of the probe. Perhaps the 

observation that the LINEs on the X are more 5' truncated, may also account for some of 

the difference (IHGSC, 2001). At best, FISH is a technically difificuft procedure to 

perform and the quality of signal varies among adjacent spreads and adjacent 

chromosomes; thus, there are potential technical aspects involved as well. 

X chromosome inactivation is initiated at a region of the X chromosome (XIC, X 

Inactivation Center), and involves transcription of a large RNA from the XIST (X 

Inactivation-Specific Transcript) locus (Brown, 1991,1992). Unlike otiier X-linked 

genes, the XIST gene product is ti-anscribed only from the uiactivated X and appears to 

coat that uiactivated X chromosome. The XIST gene is located ui the human ql3 band 

(Fig. 5.4). Gartler and Riggs (1983) hypotiiesized that transmission of the uiactivation 
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signal along the X involves some sort of booster elements that facilitate spreading of 

XIST. The observation that inactivation can, under some cfrcumstances, spread into a 

franslocated or transgenic autosome suggests that tiiese booster elements may not be 

exclusive to the X, but rather may be enriched there. Lyon (1998) hypothesized that 

LINE-Is may be the booster elements. Dr. Vijay Tonk identified tiie largest amount of 

hybridized LI signal to the ql3 band of tiie X chromosome. 

The relationship of the line profile to G-bands in the X (Fig. 5.6) reveals the 

location of an apparent accumulation of LI signal in the AT rich regions. Korenberg and 

Rykowski (1988) also documented these results from thefr in situ hybridizations of 

human LI elements. With our combination of in situ hybridization and quantification 

techniques, we were able to provide an estimate of the overall signal of LI hybridization 

on the X chromosome, and calibrate the signal to the actual percentage of LINEs on the 

X as documented by the Human Genome Project. Further studies using specific band 

probes for human chromosomes are needed to fiirther validate the exact location of the 

largest accumulation of LI signal on the X chromosome. 
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Table 5.1. Mean intensity of LINE accumulation per unit length of the autosomes, the X 
chromosome, and the Y chromosome of Homo sapiens. The Mean Signal Intensity 
(MSI) and the Maximum Predicted Signal Intensity (MPSI) are shown for the values 
measured for each chromosome in six metaphase spreads. Units are arbitrary. 

Chromosome Type 

Autosomes 

X chromosome 

Y chromosome 

MSI 

154.11 

189.44 

188.65 

MPSI 

173.12 

218.99 

218.36 
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Figure 5.1. G-banded metaphase spread of a male XY Homo sapiens (2n=46). The X 
and Y chromosomes are labelled. 
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Figure 5.2. Fluorescent in situ hybridization of the same spread of a Homo sapiens male 
as shown in the G-banded metaphase. The spread is probed with Hsnp626b LINE-1 
probe. The green signal is produced by FITC and the blue is DAPI. 
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Figure 5.3. Composite line profile of all of the individual chromosomes ui the same 
metaphase spread of Homo sapiens. One chromosome of each homologous pafr is 
represented. Chromosomes are numbered according to length order in karyotype. Notice 
that the LINE profile for the X is consistently higher ui values than the values for the 
autosomes (red line). 
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Figure 5.4. Ideogram of G-banding pattem of the normal human X chromosome 
representing a haploid karyotype of approximately 400 bands. The ideograms correspond 
to the ISCN (1981) nomenclature. The location and width of bands are not based on any 
measurements. Of particular interest is the ql3 band, which references to bins numbered 
35-45 in Fig. 5.3. 
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Figure 5.5. Box plot diagram for Mean Signal Intensity (MSI) values generated from the 
compilation of data from an individual representative of each homologous chromosome 
pair in six metaphase spreads of Homo sapiens. 
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Figure 5.6. G-bands vs. LI FISH. Three replicates of line profiles drawn through the 
same X of one spread of a male Homo sapiens in a G-banded karyotype (G-) and in a LI 
hybridization (FISH). The low levels represent the dark G-bands. The high levels 
represent LI FISH signal intensity. 
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CHAPTER VI 

CONCLUSIONS 

Research in this dissertation was designed to better understand the implications of 

LI elements in genome organization and karyotype asymmetry. Transposable elements 

or retroposons make up 45% of the human genome (IHGSC, 2001) and 37.5% of the 

mouse genome (MGSC, 2002). LINEs (Long Interspersed Elements, Lis) are the major 

contributor of the retroposons, constituting 21% and 19% of the respective genomes 

(MGSC, 2002). A conspicuous feature of LINE distribution in both the human and the 

mouse is the preferential accumulation on the sex chromosomes. Human sex 

chromosomes show a strong bias for LINE accumulation (17.5% on the X and 18.0% on 

the Y with 7.5% for the autosomes), notwithstanding the increased AT content. Mouse 

chromosome X contains almost twice the density of LI copies when compared to copies 

ui the mouse autosomes (28.5% compared to 14.6%) (MGSC, 2002). Chromosome Y 

shows a tiu-eefold higher density of fiiU-lengtfi Lis, which are rapidly eliminated 

elsewhere in tiie genome, reflecting a greater tolerance for insertion, tiie paucity of genes 

and lack of recombuiation (Boissftiot, 2001). The higher density of Lis on sex 

chromosomes has uifluenced the suggestion that LINEs may facilitate X chromosome 

uiactivation (Korenberg & Rykowski, 1988; Boyle et al., 1990; Lyon, 1998; Bailey et al., 

2000). 

The significance of LINEs to the evolution of tiie organism, tiie genome and 

phylogenetic lineages has been extensively debated and is pooriy understood. The role is 
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often described as detrimental or problematic because these repeats are examples of 

'selfish' DNA and tiierefore, may be viewed as parasitic or sunply, molecules tiying to 

replicate themselves at tiie expense of other molecules in tiie genome. An altemative 

view is tiiat LINE transposition is highly beneficial to a species by increasing the rate of 

genetic variability witiiout the involvement of pouit mutations (IHGSB, 2001). Otiier 

potential positive roles for LINEs uiclude repair of chromosomal breaks, facilitation of 

reorganization of tiie genome, and manipulation of C-values relative to cell size which 

can regulate life expectancy and metabolic rate of a cell or organism (Cavalier-Smith, 

1985). 

Using LI elements as probes, I employed fluorescent in situ hybridization (FISH) 

to elucidate relative LINE abundance in karyotypes of mammals. As altemate roles are 

proposed for LINEs, a visualization of mammalian genomic maps is necessary to support 

conclusions on the potential roles of LI elements. In situ hybridization is the most dfrect 

method for making an initial chromosomal assignment of a probe and for its regional 

localization on metaphase chromosomes (Ward et al., 1991). As the plethora of available 

data continues to multiply, FISH will remain a viable method for establishing reference 

landmarks along each chromosome. Because LI elements are such a large percentage of 

the genome, accumulation of these elements must exist and must have explicit 

ramifications on the organization of the genome. 

The interplay between the abundance of LINEs, genome organization and 

chromosomal evolution in the mammalian genome provided the curiosity requfred to 

uiitiate and complete tiiis dissertation, hi Chapters II tiu-ough V, I have chosen four 
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experimental designs to explore and better understand the implications of LINE 

accumulation in chromosomes. We implemented these explorations in a variety of 

mammals (man, bats and opossums), yet maintained the LINE distribution motif 

tiiroughout the study. 

In Chapter II, which was published in Cytogentic and Genome Research 96:191-

197 (2002), we examined an autosomal segment tiiat was translocated to the X greater 

than seven million years ago in the bat Carollia brevicauda (Wright et al., 1999). 

Although the autosomal segment is attached to the X, published studies (Pathak et al., 

1973) have documented that the segment does not undergo X-inactivation in females. 

Therefore, we tested to see if the LINE composition in this translocated segment was 

typical of X chromosomes or altematively, had an accumulation of LI elements more 

typical of autosomes. Results indicate that during the past seven million years that the 

autosomal translocation has been attached to the X, it has not accumulated LINE signal 

characteristic of the X, but rather has maintained the level of accumulation more typical 

of the autosomes in this bat. This observation is compatible with the hypothesis that 

LINEs are involved in sex chromosome inactivation, as has been proposed by Mary Lyon 

(1998). 

In Chapter III, we examined accumulation of LINEs on two New World species 

of marsupials, Didelphis virginiana and Marmosops noctivagus. Previous studies of 

LINE accumulation in mammals have been restricted to representatives of the Subclass 

Eutheria. Within these representatives of eutherians, several consistent pattems have 

emerged. First, there is preferential accumulation of LINEs on the X, and second, LINEs 
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preferentially insert into the AT-rich regions referred to as G-bands. The differences in 

tiie organization of tiie genome in marsupials (Subclass Metatheria) have been reviewed 

by Graves and Westerman (2002), and include: (1) Genes on tiie long arm and tiie 

pericentiic region of tiie human X are present on tiie X of marsupials. Genes on tiie short 

arm on tiie human X are autosomal ui marsupials (Glas et al., 1999) and that tiie high 

number of genes on the short arm of the human X escape inactivation may be 

noteworthy. (2) The marsupial Y is composed of two regions, one of which shares much 

homology with the human Y; whereas, the other region of the Y appears to be autosomal. 

(3) Marsupial X inactivation is simpler than that of eutherians. Graves and Westerman 

(2002) interpreted the marsupial condition to be ancestral of eutherians. Marsupial X 

inactivation is incomplete, tissue specific and patemal rather than random. X inactivation 

in marsupials involves histone deacetylation, but not DNA methylation (Wakefield et al., 

1997; Cooper et al., 1993). (4) The presence of the XIST gene, which is thought to be 

responsible for X inactivation in humans as well as other eutherians (Lyon, 1998), has not 

been documented to be present in marsupials. 

We tested to see if the LINE accumulation pattems in marsupials were 

indistinguishable from those described for eutherians. Specifically, we tested for 

accumulation of LINEs on tiie X and accumulation of LINEs ui the G-bands. Results 

indicated that LI elements neither preferentially accumulate on the X, nor in the 

autosomes. The mechanisms tiiat produce tiiis different result could include tiie unique 

characteristics of the marsupial genome, but altematively, tiie size of tiie X relative to tiie 

size of tiie autosomes in marsupials possibly could explaui tiie observed differences as 
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well. These results also raised anotiier question. IfLINEs insert into botii AT and GC-

rich regions with equal frequency, is tiiere an increase in genetic problems associated 

with the higher level of insertion in the G-band negative regions? 

Chapter IV addressed the altemative explanations of why the X chromosome does 

not preferentially accumulate LINEs in marsupials. We employed a eutiierian bat, 

Tonatia saurophila, which exhibits a similar karyotype to the marsupials, both in 

morphology and diploid number. The observations formed a robust dataset that 

documented that the pattem of accumulation of LINEs on the X in Tonatia is typical of 

that observed for other eutherian mammals. Thus, the hypothesis that the difference 

between the marsupial and eutherian X accumulation characteristics is genomic or 

molecular remains a viable hypothesis. Furthermore, these data permit the rejection of 

the altemative hypothesis that karyotypic characteristics such as size of the X to the 

autosomes are predictive of levels of LINE accumulation on the X. 

Chapter V utilized the information available from the Human Genome Project 

(MGSC, 2001) to test the applicability of in situ hybridization methods to the calibration 

of LINE abundance in the human genome. Korenberg and Rykowski (1988) noted that 

LINEs preferentially accumulate on the X and ui AT rich regions knovm as G-bands. 

LINEs were generally absent from centromeric regions on all chromosomes, as well as, 

ui heterchromatic regions. They noted, however, that witiiout quantitative analyses, tiiey 

could not make conclusions about tiie overall proportionality of LI hybridization to tiie 

uitensity of fluorescent signal. We used tiie data from tiie Human Genome Project for 

differences between tiie X chromosome and tiie autosomes ui LINE accumulation to 
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calibrate tiie significance of our quantification methods. Our data showed tiiat witii tiie X 

having twice as many LINE copies as tiie autosomes, tiie difference between tiie X and 

tiie autosomes is significant below tiie 0.01 level, and results in an average increase in 

signal intensity from FISH quantification by 20%. The next step is to confirm tiiese 

relationships using tiie comparable from tiie Mouse Genome Project (MGSC, 2002) and 

the in situ values from Mus musculus. 

As outlined above, I have tested several hypotheses relative to genome 

distribution of LINEs within mammals. My dissertation fiirther validates the value of 

FISH in testing hypotheses that relate to genome organization. Nonetheless, my research 

raises other questions as is typical of scientific investigations. These new questions 

uiclude: (1) why does a copy number difference of 100% result in a FISH signal increase 

of 20%? (2) Will in situ hybridization of the mouse genome result in comparable 

differences? (3) Will the differences between insertion of LINEs in marsupials and in 

eutherians indicate a greater degree of genetic consequences as a way to avoid deleterious 

effects in transcribed genes? And (4) does LINE activity in marsupials generate greater 

consequences or do they have an altemative mean of avoiding these potential 

consequences? These and other questions can and will be addressed in future research 

projects. 

My dissertation has incorporated field explorations, understanding of molecular 

implications, laboratory biochemical techniques, the art of karyotyping, brightfield and 

fluorescent microscopy, digital imaging and data analyses. This integration of 
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information and exposure has made gaining tiie knowledge not only aesthetically 

pleasing, but also a very valuable experience. 
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