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Summary. Giemsa dark bands, G-bands, are a de- 
rived chromatin character that evolved along the 
chromosomes of  early chordates. They are facul- 
tative heterochromatin reflecting acquisition of  a 
late replication mechanism to repress tissue-specific 
genes. Subsequently, R-bands, the primitive chro- 
matin state, became directionally GC rich as evi- 
denced by Q-banding of  mammalian and avian 
chromosomes. Contrary to predictions from the 
neutral mutation theory, noncoding DNA is posi- 
tionally constrained along the banding pattern with 
short interspersed repeats in R-bands and long in- 
terspersed repeats in G-bands. Chromosomes seem 
dynamically stable: the banding pattern and gene 
arrangement along several human and murine auto- 
somes has remained constant for 100 million years, 
whereas much of the noncoding DNA, especially 
retroposons, has changed. Several coding sequence 
attributes and probably mutation rates are deter- 
mined more by where a gene lives than by what it 
does. R-band exons in homeotherms but not G-band 
exons have directionally acquired GC-rich wobble 
bases and the corresponding codon usage: CpG is- 
lands in mammals are specific to R-band exons, 
exons not facultatively heterochromatinized, and are 
independent of the tissue expression pattern of the 
gene. The dynamic organization of  noncoding DNA 
suggests a feedback loop that could influence codon 
usage and stabilize the chromosome's chromatin 
pattern: DNA sequences determine affinities of--, 
proteins that together form -. a chromatin that 
modulates -. rate constants for DNA modification 
that determine -. D N A  sequences. Theories of  hi- 
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erarchical selection and molecular ecology show how 
selection can act on Darwinian units of  noncoding 
DNA at the genome level thus creating positionally 
constrained D N A  and contributing minimal genetic 
load at the individual level. 
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Introduction 

Each mammalian chromosome is a mosaic of  com- 
partments or bands that map as contiguous domains 
onto the chromosomal DNA molecule. Compart- 
ments are visualized as bands on metaphase chro- 
mosomes, as units of chromosome replication (Gan- 
net and Evans 1971; Latt 1975; Lau and Arrighi 
1981), as eight or more contiguous replicons that 
initiate replication in unison (Hand 1978; Dubey 
and Raman 1987), or as very long, >300 kb, DNA 
segments (isochores) of strikingly homogeneous base 
composition (Bernardi et al. 1985). Each chromo- 
some compartment differs from its nearest neighbor 
compartments in GC content and replication time. 
Staining techniques distinguish three classes of com- 
partments called C-bands, G-bands (Giemsa dark, 
quinacrine bright, AT-rich, late-replicating bands), 
and R-bands (Giemsa pale, quinacrine dull, GC- 
rich, early-replicating bands) (Fig. 1). C-bands, con- 
stitutive (centric) heterochromatin, contain tan- 
demly repetitious satellite DNA and few or no genes. 
This review concerns differences (Table 1) between 
the 2000 different (Yunis 1981) euchromatic bands, 
R-bands, and G-bands that average 1300 kb of  DNA 
per band. 
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Fig. 1. Properties and stability of banding patterns. Patterns 
along human (-H) chromosome 1, HSA 1, revealed as follows: 
C-H, C-banding ofcentric heterochromatin; L-H, in situ hybrid- 
ization using the long repeat sequence I, t (Manuel~dis and Ward 
1984); A-tI, in situ hybridization using the short repeat AIu (Man- 
uelidis and Ward 1984); Q-H, Q-banding where AT-rich DNA 
is quinacrine bright; G-II, trypsin-Giemsa banding where G-bands 
are dark and R-bands are tighl; R-H, replication banding where 
early-replicating R-band DNA stains dm:kly (yon Kiel et aL 1985). 
The C-band that varies in size fi'om individual to individual lacks 
Ll and 4]u and is G +, Q .  There are several AT~rich isochore 
fractions, some AT richer than others, but all corresponding to 
G-band DNA; these fractions have an LI or [I.dA&] content that 
increases with the AT-richness of the isochore (Soriano et aL 
1983). Thus, those G-bands that are AT richer than other G-bands 
are also L 1 richer. Consequently, the [..4lu]~ and L 1 concentration 
distributions more closely parMlel Q-banding intensity than they 
parallel G-banding intensity. This explains why Q bright bands 
are aImost always Giemsa dark but the degree of Q brightness 
does not parallel degree of G darkness. ~A,  G~banding of cheetah 
chromosome AJU C1 (O'Brien et al. 1984); R-F, replication 
banding of domestic cat chromosome FCA CI (yon Kiel et aL 
1985); R-M, R-H, replication banding of mouse chromosome 
MMU 4, and HSA 1 (yon IZAel et al. 1985). The two cat Clp 
arms (sho~ arms at top) band almost identically to human lp 
and, with the exceNion of about 15% centric heteroehromatin, 
the mou~ MMU 4 does likewise; these chromosome arms from 
three different mammalian orders contaiu the same genes in the 
same linear array (O'Brien et aS~ I984; yon Kiel et al. 1985; 
Sawyer and Hozier 1986) and show that autosomal banding pat- 
terns can be conserved. We thank Laura Mannelidis (Manuelidis 
and Ward 1984), Horst Hameister (yon Kid et al. 1985), Char- 
leen Moore, and Stephen J. O'Brien (O'Brien et aL t984) for 
prints and permission to publish them~ 

Noncod ing  D N A  const i tutes  up to 98% o f  G-  and 
R-band  D N A  but  its :function or lack the reo f  re~ 
mains  unknown (Ohno 1972; Dooli t t le  and  Sapien-  
za 1980; Orgel and  Crick 1980). This  review shows 
that  noncoding D N A  is highly organized a round  an 
evolut ionar i ly  stable banding pattern.  Al though it 
const i tutes  the bulk o f  this pat tern,  it still turns over  
relat ively quicHy.  This  dynamic  organizat ion o f  
noncoding  D N A  suggests its function, 

One  funct ion o f  G-bands  involves  facuttat ive 
heterochromat inizat ion o f  their tissue-specific genes, 
Late replicat ion is associated with p e r m a n e n t  tran- 
scriptional inact ivi ty o f  const i tu t ive  heterochro-  
ma t in  or  facultat ive inact ivi ty o f  whole ch romo-  
somes  such as the inact ive X in females.  Recent  
data  indicate that  individual  rep/icons in G - b a n d s  

are facultat ively repressed like the inact ive X-chro-  
m o s o m e  in m a m m a l s  ( G o l d m a n  et at. 1984; 
H o l m q u i s t  1987a; G o l d m a n  1988). Unl ike  Dro- 
sophila, which nei ther  has clustered replicons (Stine- 
m a n  1981) nor  seems to inctude late replicat ion in 
its repertoire of  c o m m o n  repression m e c h a n i s m s  
(Holrnquist  1987a), ver tebrates  have  mos t  o f  their  
tissue-specific genes in late-replicating G~bands. In 
G-bands ,  all 10 of  the genes assessed were repressed 
and  replicated late in mos t  tissues; however ,  in cell 
types where these 10 genes were expressed,  they 
replicated early and  their  surrounding condi t ional ly  
early-replicating doma in  included p rox imal  genes 
but  was p robab ly  l imited to the gene's  residence 
replicon ( G o l d m a n  et al. 1984; H o l m q u i s t  1987a; 
G o l d m a n  1988; Ha t ton  et aI. 1988a,b). Housekeep-  
ing genes, const i tut ively act ive or act ivatable  genes, 
are in R-bands  where they a lmos t  always replicate 
early ( G o l d m a n  et al, 1984; H o l m q u i s t  1987a; 
G o l d m a n  1988; Hat lon  et al. 1988a,b). We initially 
called the class o f g e n o m i c  c o m p a r t m e n t s  that  con- 
stitute the R-bands  " the  housekeeping s u b g e n o m e "  
and G-bands  " the  ontogenic s u b g e n o m e "  (Gold~ 
m a n  et al. 1984) because these c o m p a r t m e n t  classes 
initially appeared  functionally different ( G o l d m a n  
et al. 1984). 

Genes in Bands 

Differences in replicat ion t ime  and base compos i -  
t ion allow the identif ication o f  R-  and G - b a n d s  by  
replication banding  (Ganner  and  Evans  1971; Lat t  
1975; Lau and  Arrighi 1981 ) and  quinacr ine band-  
ing (Ganner  and Evans  1971; Lat t  et aL 1974; C o m -  
ings et al. 1975; I ~ t t  1975; Lau and  Arrighi 1981) 
(Fig. 1), and  also allow physical  separa t ion o f  D N A  
f rom the two band  classes. Repl icat ion t ime  fYac- 
t ionat ion is based on bands  being 1300 kb units  o f  
ch romosomal  replication (Holmquis t  1987a, t988a)  
and on the Pact that  5 0 0 + - k b - I o n g  segments  o f  ear- 
ly-replicating D N A  do not  contain regions o f  late- 
replicating D N A  (Kowalski  and  Cheevers  1976). 
Dur ing S-phase, R-bands  replicate early and  finish 
synthesis before G-bands  init iate synthesis (Can 
margo and Cervenka  1982). Using synchronized cells 
l a d l e d  with the thymid ine  analog B r d U r d  dur ing 
early S-phase, the early-replicat ing BrdUrd-subs t i -  
tuted D N A  is denser  and  can be separated f rom the 
late-replicating unsubst i tu ted ha l f  o f  the genome  
(Holmquis t  et al. 1982). Base compos i t ion  fraction- 
at ion is based on  a different proper ty  o f  w a r m -  
blooded vertebrate 's  c h r o m o s o m e  bands. Each band 
is c o m p o s e d  o f  a long stretch o f  D N A  of  ra ther  
homogeneous  base composi t ion .  When  these long 
stretches or  " i sochores"  are base compos i t ion- f rac -  
t ionated  in l igand-assisted CsCl density gradients,  



TaMe 1. Properties of bands and their DNA sequences 

R-bands G-bands 

Staining sensitive to protein dena- More resistant 
turation '~ 

DNase II and Hue iII sensitive ~' 
Open to DNase I nick translalion 
Quinacrine dull bands a 
dG + dC-rich DNA 
Early reNicating 
Pachy~ene interchromomeres" 
Chiasmatic in meiosis I ~ 
Crossing over frequenV' 
Synaptic initiation h 
Homologous synapsis ~ 
Abortions frequent in trisomic 

state' 
High mitotic chiasmata ti'equency ~' 
High amplification rate ~ 
Housekeeping genes (all) '~' 
Upstream GGGCGG "~ 

CCGG-rich- 
CpG-rich islands in genes" 
Slow-sequence divergence rate~' 
dG + dC-rich third coding base ~, 

SINE~rieh' 
Short per/od interslx;rsion pattern ~ 

Alu' 
Bl (mouse, hamste0 ' 
Hepatitis B vires" 
Bovine leukemia virus~ 

More resistant 
Closed 
Quinacrine bright bands 
dA + dT-fich DNA 
Late replicating 
Pachytene chromomeres 
Achasmatic 
Infrequent 

Homology independent 
More viable trisomics 

Low 
[x~w amplification rate 
Tissue sI~cific (most) 
Rare Spt consensus se- 

quence 
CCGG poor 
No or very, few islands 
Faster rate 
dA + dT-rich third 

coding base 
LINE-rich 
Mixed imerspersion 

pattern 
LI (htmmn) ~ 
L1 (rodent)" 
A36Fc r e . a t  
Mouse mammaw tu- 

mor virus ~ 
Epstein-Burr virus 

Shared SINEs N' 

Processed pseudogenes" 
SV400,~ 

The first four properties are for euchromatin in acid--alcohol- 
fixed chromosomes. G-, Q-, and replication banding patterns are 
congruent for most bands (Gannet and Evans 1971; Latt 1975; 
Comings 1978; ~ u  and An'ighi 1981 ; Schweizer 198 l; C~arnargo 
and Cervenka 1982; Holmqnist etal,  1982) 
.' Trypsin, chymotrypsin, strong detergents, or hot saline cause 

R-band DNA to become inaccessible to the cationic Giemsa 
dyes at a faster rate than for G-band DNA (Comings and Ave- 
lino 1975; Comings 1978; Holmquist 1987b) 

~' DNase tI or micrococcyl nuclease digestion tbllowed by Giemsa 
staining (Sahasrabbuddhe et aL 1978). Of the restriction en- 
donucleases, only Hue III gives a reasonable G-banding pattern 
(Bianchi et aL 1985) with avian or mammalian but not anuran 
chromosomes (Sclhmid and de Almeida 1988) and is consistent 
with the frogs' tack of GC-rich R-bands 

' DNase I digestion foflowed by nick translation with biotinylated 
precursors. Because the inactive X-chromosome in females 
undergoes trypsin G-banding like the active-X but is almost 
totally refractory 1o nick translation, nick ~ranslafion banding 
is believed to reflect gone activity (Kerem et a l  1984) 

' Base composition~sensitive fluorochromes produce the same or 
reciprocal patterns of bright fluorescence depending on their 
base specificity (Schweizer 1981 ) 
Meiotic ehromomeres corrcs~nd to G-bands (Okada and 
Comings 1974; Fang and JaNeflo 1988) and the interchromo- 
mer~c DNA stains bright with chromomycin A~-distamycin as 

471 

']Fable 1. Continued 

do mitotic R-bands (Ambros and Sumner 1987), We do note 
that species without G-bands have meiotic chromomeres 
Fang and Jagiello (1988) 
Ashley (1988) 

" Chandley (1986) in theory', wilt* evidence (Ashley, in press) 
'Ashley and Russell (t 986), Ashley (1988) 
J Hoehn (1975), Kuhn et al. (f985) 
k Kuhn et ah (1985) 
Vel~' early-replicating genes are most often amplified (Schimke 
et aL 1986) 

"' Table 2 
' When digested with MspI, the number average molecular weight 

of early- and late-replicating hamster DNA is 2535 and 4330 
bp, respe~ztively (Holmquist and Caston 1986: Holmquist 1988a) 

~' Table 2 
' Ear}y-replicating genes (Table 2) and early-replicating inter- 

sF~rsed repeats (Holmquist and Caston 1986) cross-hybridize 
rodenl-human much more lYequently than do their late-repli- 
cating counterparts. Genes lhat map to R-bands have a high 
GC content in their coding sequences (lkemura and Aota 1988); 
genes with a high GC content in their coding sequences have a 
low silent substitution rme (Filipski 1988a,b) 
Bernardi et ah (1985), Aota and Ikemura (1986), Bernardi and 
Bernardi (I 986a,b) 

' Holmquist and Caston (1986) 
" From f'ractiona~on of  human DNA according to % renaturation 

(Strayer et at. t983) and as expected f r o m  the L|NE-depteted 
property of  R~band DNA (Ho~mquist 1988a) 
Soriano et al (1983), Manuelidis and Ward (I984), Holmquist 
and Caston (1986), Korenberg and Rykowski {1988) 
Soriano et a i  (1983), Hotmqmst and Caston (1986) 
Soriano et al (1983), Vizard and Rosenberg (1984) 

" Bernardi et ak (I985) 
"A long interspersed r e . a t  family of low copy n umber in humans 

(Holm~?uist and Caston 1986) 
' Kettmann et al. (I979), Soriano et aL (1981) 
" Salinas et aL (1987) 
.... By in situ hybridization of ~H-DNA to chromosomes (Shiralshi 

et aL I985) 
~'" Some SINEs show no band prelZer~mce (Holmquist and Caston 

1986) 
Goldman et aL (1984) 

"~ In three diftbrent cell lines containing one copy each of SV40 
DNA~ the replication time ofSV40 DNA was early, rather early, 
and late (Marchionni and Rouen /981) 

t h e y  y i e l d  u p  to  f o u r  d i f f e r e n t  A T - r i c h  i s o c h o r e  f r ac -  

t i o n s ,  t h e  A T - r i c h  h a l f  o f  t h e  g e n o m e ,  a n d  u p  t o  

f o u r  d i f f e r e n t  G C - n c h  i s o c h o r e  f r a c t i o n s  ( T h i e r y  e t  

al.  1976;  C u n y  e t a l .  1981;  B e m a r d i  e t  al .  1985 ;  

F i t i p s k i  e t  aL 1987;  S a l i n a s  e t  al.  1987) .  B o t h  b a n d  

D N A  f r a c t i o n a t i o n  s c h e m e s  y i e l d  c o m p a r a b l e  re -  

su i t s  i n  t h a t  G C - r i c h  o r  e a r l y - r e p l i c a t i n g  f i ' a c t i ons ,  

h e n c e t b r t h  b o t h  c a l l e d  R - b a n d  f r a c t i o n s ,  b o t h  c o n -  

l a i n  a b o u t  8 5 + %  o f  t h e  h u m a n  A / u  (ca.  5 0 0 , 0 0 0 +  

m e m b e r s  a n d  5% o f  h u m a n  D N A )  o r  r o d e n t  B1 (ca.  

1 0 0 , 0 0 0  m e m b e r s )  r e p e a t  f a m i l y  ( T a b l e  1 ), w h e r e a s  

A T - r i c h  o r  l a t e - r e p l i c a t i n g  D N A  f r a c t i o n s ,  G - b a n d  

f ?ac t i ons ,  c o n t a i n  m o s t  o f  t h e  h u m a n  o r  r n u r i n e  L1 

r e p e a t  f h m i l y  (ca. 5 0 , 0 0 0  m e m b e r s )  ( T a M e  I) .  T h a t  

A l u  a n d  L I  s e q u e n c e s  a r e  c o n c e n t r a t e d  in R -  a n d  

G - b a n d s ,  r e s p e c t i v e l y ,  w a s  e v e n  v i s u a l i z e d  by  in  s i t u  

h y b r i d i z a t i o n  (Fig ,  1). T a b l e  2, a n  a r r a n g e d  l is t  o f  
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TaMe 2. Properties of genes 

Hypoxanthine phosphoribosyl transferase 
Adenine phosphoribosyl transferase 
CAD 
Dihydrofolate reductase 
Arginine succinate synthetase 
Glucose-6-phosphate dehydrogenase 
Beta-tubulins 
Phosphoglycerate kinase- 1 
Tyrosine amino transferase 
Beta-actin 
Gamma-actin 
Metallothionein-I 
Superoxide dismutase 
Heat shock protein 
HMG CoA reductase 
Glyceraldehyde-3-phosphate dehydrogenase 
Triose phosphate isomerase 
Adenosine deaminase 
Histocompatibility class I 
e-myc 
c-Ha-ras 
c-abl 
c-src 
c-Ki-ras 
c-fos 
c-int 
c-raf 
All histones 
Ribosomal proteins L-30, L-32 
Xenopus somatic 5s RNA 
Alpha-globin 
c-sis 
c-myb, c-fes, c-rel 
c-mos 
c-fms 
Apolipoprotein A-I 
Histocompatibility class I I  

Steroid 21 hydroxylase 
Pre-pro-opiomelanocortin 
Conalbumin (chicken) 
Collagen I I  

Retinol binding protein 
Thy- I 
Enkephalin 
Vimentin (human) 

Vimentin (rodent) 
Placental lactogen 
Skeletal muscle actin 
Immunoglobulin constant 

Beta-globin 
Immunoglobulin variable 
Gamma, delta-, epsiion-globins 
Ovalbumin (chicken) 
Cardiac actin 
Alpha- 1 -antichymotrypsin 
Alpha- 1-antitrypsin 
Beta-casein 
Phenylalanine hydroxylase 
Factor IX 
Fibronectin 

1 2 3 4 5 6 7 

H E 

H E 
H E 
H E 
H E 
H E 
H E 
H E 
H E 
H E 
H E 
H E 
H 
H 

H 

H 

H 

H 
H 

H E 

H E 

? E 
H 
H E 
H E 
? 

H E 
H E 
H 
H E 
T E 
T E 
T E 
T E 
T E 
T E 
T E 
T E 
T 
T 
T 
T 
T E 
T 
T 

T 
T 
T 
T 

T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 

L 
L 

L 
L 
L 
L 
L 
L 

G 
G 
G 

R-bandlike genes 

I - e 

I - c 

I - -  C 

I t e 

I 

I - c 

I - e 

I 

I t - 

I t c 

I t c 

I t c 

I - e 

I 

I t c 

I - c 

I t 

I t c 

I - c 

I 

I 

I t 

I 

I t 

I 

G I t 
G I - 

G 

G 
G 

G 

A 

G 
A 

A 
A 
A 
A 
A 

3' t 
3' t 

I t 

I t 

I t 

I t 

I t 

???-band 

I t 

N t 
3' t 

G-bandlike genes 

N t 

N t 
N t 

N t 

N t 

C 

C 

i 

C 

+ +  

+ +  
--+ 
- -+  

+-4- 
+ +  
+ +  
+ +  
+ +  

+ +  
+ +  

+ 

+ 

+ 

+ +  

_ m  

- -+  



Table 2. Continued 

1 2 3 4 5 6 7 

Myosin heavy chain cardiac alpha T L N t - 
N-mye T L N 
Alpha-amylase I T L N 
Albumin T L 
Alpha-fetoprotein T L N 
Major urinary proteins T L 
T-cell beta-chain constant and variable T L 
Nerve growth factor T N 
Insulin T N t c 
Interferons T N t - 
Fibrinogen alpha, gamma T N t e 
Fibrinogen beta T N t - 
Delta-crystallin T N 
Growth hormone T N t 
Myogiobin T N t - 
Interleukin 2 T N t - 
Xenopus oocyte 5s RNA T L 
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Data are from human, or if  unavailable, from rhouse or hamster unless specified. 
(1) Expression patterns: (H) housekeeping, or (T) tissue specific. (2) Replicaton times: early (E) or late (L) (Calza et al. 1984; Goldman 
et al. 1984; Iqbai et al. 1984, 1987; Hoimquist  1987a; Goldman 1988; Hatton et al. 1988a,b). (3) Data on the base composition of  a 
gene's isochore (Bernardi et al. 1985; Filipski et al. 1987) were summarized by pooling isochore data from the AT-richest (A) or the 
GC-richest (G) halves of the genome. (4) CpG islands are in or near the 5' end (I), 3' end only (Y), or are not (N) near the gene (Bird 
1986; Stanton et al. 1986; Filipski et al. 1987; Gardiner-Garden and Frommer  1987). (5) Presence (t) or absence ( - )  of  an upstream 
TATA box (Gardiner-Garden and Frommer 1987). (6) Presence (c) or absence ( - )  of CCGCCC box within 250 bp 5' of  the 
transcriptional start site (Gardiner-Garden and Frommer 1987). (7) A measure of  divergence rate: the gene's eDNA sequence cross- 
hybridized rodent -human at high (+ +)  or low ( -  +)  stringency, 87% or 77% similarity criteria respectively, or failed to cross-hybridize 
( - - )  (Goldman et al. 1984). 
To avoid bias, data are complete listings of  all mammalian  genes cited in the preceding references excepting Gardiner-Garden and 
Frommer  (1987). Brain gene and embryo-specific gene data are unavailable. Most data on replication time or base composition are 
coincident determinations from two or more mammalian  species. They were generally determined from large 30-100-kb DNA 
fragments and consequently reflect properties of the domain in which the gene's exon sequences reside. Some data on properties 4 -  
6 (Gardiner-Garden and Frommer 1987) and the base composition around vimentin (Bernardi et al. 1985) showed species differences. 
When plotted in four-dimensional property space, the genes appear clustered into two common groupings, (I-I/T)EGI R-bandlike, and 
TLAN G-bandlike 
A gene is defined as replicating early if  it replicates when the cell has a DNA content between 2C, the diploid G1 value, and 3C, the 
DNA content when half of the genome has replicated. Predicting the replication time of active genes is accurate within this range. 
The replication times of the 55 tabulated genes reflect over 200 separate determinations in various cell types. In only two cases did 
an active gene replicate after the cell had accumulated a 3C DNA content; these are DHFR at 3.2C and H2a histone at 3.3C, both 
in L60T, a mouse L cell (Hatton et al. 1988a). Both these genes replicated earlier, before 3C, in eight and three other cell lines, 
respectively. The 3C transition also corresponds to when R-bands have finished synthesis and G-bands are initiating synthesis 
(Holmquist et al. 1982; Holmquist 1987a, 1988a). AT-rich DNA is defined as coming from the two AT-rich isoehores L1 and L2 
(CsC1 buoyant densities less than 1.703 g/cm3); GC-rich DNA is from the three denser GC-rich isochores HI ,  H2, and H3 (Bernardi 
et al. 1985). LI + L2 account for slightly more [55-64% (Macaya et al. 1976; Bernardi et al. 1985)] of the genome than does the 50% 
of  late-replicating DNA 
Mouchiroud et al. (1987) suggested housekeeping genes are more abundant  but not always located in R-bands because reasonable 
numbers  of  sequenced housekeeping genes have a low GC content in their exons. However, many of  the GC-poor genes they reported 
could actually be in GC-rich isochores (GC-rich bands) or, like the immunoglobulin constant region, be in early-replicating but AT- 
rich DNA; these data are presently unavailable. Also, Holmquist  (1988a) reviewed why the coincidence of  G-bands, quinacrine bright 
bands, and late-replicating bands is a good generalization from low resolution, 300 bands/genome, banding studies but the Q-band 
and G-band identity may be only an 85% accurate generalization at higher, 2000 bands/genome, resolution. Hamster chromosomes 
have several late-replicating R-bands (Holmquist et al. 1982). Some AT-rich DNA, 55-64~ of the genome, must be excluded from 
the late-replicating 50% of the genome by arithmetic. Also, CpG islands are not absolute indicators of  position. In alpha-globin 
clusters, one mouse globin gene and the chicken alphaD-globin gene uncharacteristically lack islands. Similarly, in B-globin clusters, 
the chicken #-globin gene uncharacteristically has an island. Without  stressing exceptions, this table shows that  gene function and 
sequence property groupings can be made and they do roughly correspond to a structure, the gross low resolution properties of  R-bands 
and G-bands. The W-band category, indicating four loci that do deviate from the (H/T) EGI and TLAN groupings, shows that these 
generalizations are not universal 

s e v e r a l  p r o p e r t i e s  o f  8 6  g e n e s ,  a l s o  s u p p o r t s  t h e  g e n -  

e r a l  c o i n c i d e n c e  o f  t h e  t w o  b a n d  f r a c t i o n a t i o n  

s c h e m e s ,  i .e . ,  g e n e s  i n  e a r l y -  o r  l a t e - r e p l i c a t i n g  D N A  

a r e  u s u a l l y  i n  G C - r i c h  o r  A T - r i c h  i s o c h o r e s ,  r e -  

s p e c t i v e l y .  

A s  s t a i n i n g  r e v e a l s  t w o  b a n d  c l a s s e s ,  T a b l e  2 r e -  

v e a l s  t w o  g e n e  g r o u p i n g s  c o r r e s p o n d i n g  t o  t h e s e  b a n d  

c la s ses .  W h e n  d a t a  a r e  a v a i l a b l e ,  h o u s e k e e p i n g  g e n e s  

a r e  always a c c o m p a n i e d  b y  t h e  t h r e e  p r o p e r t i e s  E, 

G ,  a n d  I ( T a b l e  2);  H E G I  a r e  R - b a n d l i k e  g e n e s .  A 
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majority of  tissue-specific genes have the opposite 
four properties, i.e., TLAN; these are G-bandlike 
genes. Many tissue-specific genes are uncharacter- 
istically in R-bands (Holmquist 1987a, 1988a; Ike- 
mura and Aota 1988). Those with properties TEGI 
are in the R-bandlike (early-replicating, GC-rich 
isochores) grouping (Table 2); these do not utilize 
late replication as a repression-associated mecha- 
nism (Holmquist 1987a) 

Because tissue-specific genes can be in either the 
G-bandlike group or the R-bandlike group, one can 
determine if any one property of  these genes is more 
highly correlated with an aspect of  the gene's func- 
tion, tissue specificity, or with its bandlike group. 
For example, many housekeeping genes lack TATA 
boxes, whereas almost all tissue-specific genes, in- 
cluding both G-bandlike and R-bandlike ones, have 
TATA boxes (an RNA polymerase II initiation site); 
TATA boxes suggest a function-associated prop- 
erty. Lack of  an upstream CCGCCC box, a consen- 
sus sequence for Spl protein binding, seems from 
our present limited data more associated with just 
G-bandlike genes than with all tissue-specific genes 
(Table 2) and is thus a band-associated property. 

From the data in Table 1, one cannot distinguish 
if only housekeeping genes or all R-bandlike genes 
diverge more slowly (cross-hybridize rodent-human 
more frequently) than do G-bandlike genes. How- 
ever, irrespective of  their housekeeping or tissue- 
specific function, rodent genes with a high GC con- 
tent in their coding sequences have a much higher 
silent codon substitution rate than do genes with a 
high AT content (Filipski 1988a,b; Wolfe, Sharp, 
and Li, unpublished). Also, interspersed repeat fam- 
ilies in early-replicating DNA usually cross-hybrid- 
ized hamster-human, whereas families in late-rep- 
licating DNA seldom cross-hybridized (Holmquist 
and Caston 1986; Holmquist 1988a). The combined 
data suggest that the molecular clock runs relatively 
slowly I in R-band chromatin and this slow rate is 
not just confined to housekeeping exons. 

CpG islands are several hundred-bp-long DNA 
tracts that extend into coding sequences and contain 
10 times the average genomic CpG dinucleotide fre- 
quency (Bird 1986). CpG dinucleotides in islands 
are hypomethylated and account for most of  the 
Sinai, NaeI, NarI, and SaclI sites used in chro- 

The molecular clock's rate was predicted to follow a compart- 
mental strategy. Cox (1972) speculated that genes on chromo- 
somes will not be organized necessarily according to function but 
rather into regions of different intrinsic mutation rates. Proteins 
whose sequences are under strong selective pressures should have 
loci in areas of low mutation rate. Because 0.5 deleterious mu- 
tations per genome per generation is the maximum allowable in 
an equilibrium population and may limit the total number of 
genes an organism possesses, this strategy, by decreasing the net 
genetic Ioad of all genes, would allow organisms to accumulate 
more genes 

mosome mapping (Brown and Bird 1986). Islands 
(Table 2) are included in R-bandlike genes, both 
housekeeping genes and R-bandlike tissue-specific 
genes, but not included in G-bandlike genes. The 
presence or absence of  CpG islands is more highly 
correlated with a gene's bandlike group type than 
with a function, its tissue expression pattern. Such 
a correlation reflects what has been called a band- 
associated "compartmental  strategy" (Bernardi and 
Bemardi 1986; Perrin and Bernardi 1987) o f  the 
vertebrate genome. 

Codon usage is also a compartmental strategy 
(Bernardi and Bernardi 1986a,b; Mouchiroud et al. 
1987). The base composition of  (1) a gene, (2) its 
codons' second, first, and especially third position 
bases, i.e., the wobble bases that primarily deter- 
mine codon usage, and (3) 200+ kb of  flanking se- 
quences (the base composition isochore fraction in 
which the gene is located) are all three so positively 
correlated (Bernardi and Bernardi 1985, 1986a,b; 
Bernardi et al. 1985; Filipski et al. 1987; Muto and 
Osawa 1987; Ikemura and Aota 1988) that the term 
biased AT/GC pressure was coined to describe this 
base compositional constraint of  flanking DNA on 
genes (Muto and Osawa 1987). Prokaryotic genomes 
have an organism-specific synonymous codon usage 
frequency that, due to a lack of  noncoding DNA, 
greatly influences their average base composition 
(Zuckerkandl and Pauling 1965; Grantham et al. 
1980; Ikemura 1985; Bulmer 1987). Warm-blooded 
vertebrate genomes differ (Bernardi and Bernardi 
1985, 1986a,b; Aota and Ikemura 1986; Ikemura 
and Aota I988) in that (1) their average base com- 
position is almost totally determined by noncoding 
DNA, (2) they have band-specific base composition, 
and (3) they have band-specific codon usage. The 
codon usage is a compartmental strategy (Bernardi 
and Bernardi 1985, 1986a,b) and is independent of  
each gene's maximum transcription rate or function. 

Many sequenced human genes have been mapped 
to either a G-band or an R-band of  low resolution 
karyotype? Ikemura and Aota (1988) found 19/20 
of  such R-band loci had a global (gene and flanking 
sequences) GC content >50%, whereas 73/102 
G-band loci had a global GC content <50%. Their 
data also confirmed that housekeeping genes are 
confined to R-band loci and that exons in R-band 
loci or G-band loci have the base composition and 
wobble base usage indicated by Bernardi et al. (1985). 

When Did Q-bands Evolve? 

What animals have what kinds of  bands is a difficult 
quest ion to answer (reviewed and referenced,  
Holmquist 1988a). To a cytogeneticist, the banded 
prepattern is like a photographic latent image that 
can be developed for visualization in many ways. 



Often, for a particular nonmammalian species, one 
worker could not visualize the pattern, the prepat- 
tern was actually present, and a subsequent more 
persistent worker succeeded in displaying it. Al- 
though the mechanism of trypsin G-banding is not 
unders tood at the molecular  level (Holmquist  
1987b), the mechanisms of replication banding and 
quinacrine banding are understood, and an inability 
to cytologically demonstrate these patterns in a par- 
ticular species can be confirmed at the molecular 
level. For example, cold-blooded vertebrate chro- 
mosomes are notable for their inability to reveal 
Q-bands or Hae III-induced G-bands. Careful stud- 
ies using quinacrine or the base composition-sen- 
sitive energy transfer stain combination, mithra- 
mycin/chromomycin A3 (Schmid 1980), and the 
restriction endonuclease Hae III (Schmid and de 
Almeida 1988) revealed no base composition-de- 
pendent banding in frog chromosomes even though 
these chromosomes show excellent replication bands 
(Schempp and Schmid 1981) and G-bands (Stock 
and Mengden 1975). A lack of  GC-rich DNA to 
serve as a Q-banding substrate was confirmed at the 
molecular level by Bernardi et al. (1985). 

GC-rich DNA isochores were found in mammals 
and birds (Thiery et al. 1976; Olofsson and Bernardi 
1983; Bernardi et al. 1985) but few or none were 
found in frogs and fish (Macaya et al. 1976; Bernardi 
et al. 1985). Bernardi et al. (1985, 1986b), Filipski 
et al. (1987), and Perrin and Bernardi (1987) com- 
pared the base compositions of genes in amphibians, 
birds, and mammals with the base compositions of  
the isochores in which they are located. They made 
these observations. (1) Amphibians and fish differ 
from mammals and birds by having no or little GC- 
rich isochore DNA. (2) Genes that ancestrally are 
in AT-rich isochores in amphibians but are in GC- 
rich isochores in mammals have an increased G +  C 
frequency in their immediate flanking sequences, 
introns, and an even more pronounced increase in 
the codon third positions of  their exons. For ex- 
ample, the human alpha-globin gene in the R-band- 
like group (Table 2) has nine times the CpG fre- 
quency of the Xenopus gene. It has a GC content of  
67% and a GC usage in its third coding base posi- 
tions of 88% compared with 43.5% and 46.5%, re- 
spectively, in the Xenopus alpha-globin gene (Filip- 
ski et al. 1987). In the G-bandlike group, the base 
composition and third coding base GC usage of the 
human beta-globin gene is only 40% and 67%, re- 
spectively. The alpha-globin gene is tissue specific 
and identical in function to beta-globin, its relative 
by gene duplication. However, alpha-globin has 
adopted a codon strategy like that of  a housekeeping 
gene; this is not because of  what the alpha-globin 
protein does, but because of where the alpha-globin 
locus is located, this is a compartmental strategy. 
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(3) In GC-rich isochores, the GC content of  third 
codon bases is usually higher than that of the non- 
coding DNA. In their response to directional mu- 
tation pressure, the wobble bases of coding se- 
quences seem less constrained than even bulk DNA. 
(4) The base composition of  the retroposon families 
Alu and L1, and the retroviruses listed in Table I, 
rather closely matched the base composition of  their 
flanking sequences, the isochores in which these mo- 
bile elements are found (Bernardi et al. 1985). (5) 
Fish that have been isolated in warm, 37-40~ lakes, 
have more GC-rich isochore DNA than related 
species from colder waters (Bernardi and Bernardi 
1986b). Bernardi et al. (1985) and Filipski et al. 
(1987) concluded that many separate mechanisms, 
including the fixation of  both point mutations and 
mobile elements, have acted to increase the GC con- 
tent of GC-rich isochores. This increase in GC-rich- 
ness has occurred rather homogeneously along the 
entirety of each 200+-kb isochore sequence, and 
the increase may be an effect of  warm temperatures. 
That CpG islands may be genomic fossils from early 
invertebrates 2 seems contrary to the recent evolu- 
tion of GC richness in quinacrine dull bands. 

Goldman (1988) emphasized the replicon or in- 
dependently supercoilable loop as a unit of gene 
regulation. One important aspect of the isochore 
concept is it establishes the evolutionary unit of base 
composition homogeneity as being larger than a 100- 
kb loop. It implies that replicons in a cluster, loops 
in a rosette, communicate among themselves to al- 
low gradual base composition changes to occur in 
concert among those loops in that individual cluster. 
This is the essence of bands as units of genome 
evolution. 

When Did Replication Bands Evolve? 

A replication band represents a cluster of replicons 
all of which initiate and terminate replication in 
synchrony. This can be visualized by fiber autora- 
diography of 3H pulse-labeled DNA. Unlike mam- 
malian DNA, Drosophila DNA shows no evidence 
for such clusters ofreplicons (Stineman 1981); Dro- 
sophila chromosomes also show no G-bands or rep- 
lication bands. The lowest vertebrates that have re- 
vealed replication bands or G-bands are bony fish 
(Fig. 2). 

I argued that replication bands reflect the acqui- 

2 CpG islands may "represent the last remnants of the long tracts 
of nonmethylated DNA that make up most of  the invertebrate 
genome" because mammalian genes lacking islands (G-bandlike 
genes) have a low CpG density and the sparse CpG dinucleotides 
remaining are mostly methylated (Bird 1987). Further evidence 
coupling the advent of G-bands to the increased cytosine meth- 
ylation frequency of vertebrate genomes is lacking 
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Fig. 2. Chromosome banding properties of extant taxa pre- 
sented as they diverged from a line leading to extinct thecodonts. 
Modified from Holmquist  (1988b) and including corrections: lack 
of G-bands in sharks was not rigorously tested, and B. Clark did 
not complete his Ph.D. thesis. Additions: replication banding in 
the urodele Hynobius nigrescens (Kuro-o et al. 1986) and im- 
proved Q-banding of chicken chromosomes (Ansari et al. 1986). 

sition of  a late replication-associated repression 
mechanism, facultative heterochromatinization of  
tissue-specific genes; this repression mechanism is 
lacking in Drosophila and would be advantageous 
for vertebrates that must repress many more tissue- 
specific genes, especially brain genes (Holmquist 
1987a). Thus, facultative heterochromatinization of  
blocks of  G-band genes would be a derived character 
with R-bands reflecting the primitive chromatin 
state. Redistributing preexisting tissue-specific genes 
away from housekeeping genes would have involved 
extensive genome reshuffling. 

Meiotic chromomeres are beadlike compacted 
chromatin segments seen along meiotic chromo- 
somes at the prophase stage of  meiosis I. They are 
primitive, seen in almost all eukaryotes including 
Neurospora (Perkins and Barry 1979). Functionally, 
interchromomeric chromatin seems involved in 
synaptic initiation and homology-dependent syn- 
aptic pairing (Table 1). In mammals ,  mi to t ic  
G-bands correspond to AT-rich meiotic chromo- 
meres and mitotic R-bands correspond to GC-rich 
meiotic interchromomeres (Table 1). The lack of  
mitotic replication bands in plants (Schweizer, per- 
sonal communication), eukaryotes with meiotic 
chromomeres, and the general lack of  chromomere- 
sized replicon clusters in lower eukaryotes (however, 
see Funderud et al. 1979) suggests that the temporal 
coordination ofreplicon clusters responsible for rep- 
lication banding evolved around a preexisting pat- 
tern of  meiotic chromomeres. 

In summary, late-replicating bands are derived 
chromatin structures that were organized along a 
preexisting meiotic chromomere pattern and evolved 
in early deuterostomes or early chordates. They re- 
fleet the addition of  late replication to the cells' 
preexisting repertoire of  repression mechanisms. 

Chromatin differences facilitating visualization of  
bands by trypsin G-banding probably evolved later. 
More recently and restricted to homeotherms, 
Q-bandability evolved because of  an increased GC 
content of  early-replicating chromatin. This tidy 
summary has yet to be debated. 

Dynamic Genome: Conserved Pattern 

A dynamic  concept  o f  ch romosome  evolut ion  
emerges from recent data showing that major repeat 
families have originated and dispersed throughout 
the genome while the banding pattern remained un- 
changed. 

Retroposition is the reverse flow of genetic in- 
formation from RNA to DNA (Rogers 1985; Wei- 
ner et al. 1986). Nonviral retroposons make up a 
large fraction of  the mammalian genome and seem 
innocuous in that they do not cis-regulate nearby 
genes. The process of  retroposition involves tran- 
scription of  a genomic sequence, reverse transcrip- 
tion of  the RNA into an R N A - D N A  hybrid, and 
subsequent insertion (genome breakage followed by 
ligation of  the insert) of  the DNA back into the 
genome (Rogers 1985). Genomic retroposon se- 
quences or subsets thereof thus provide templates 
for further retroposition and the possible creation 
of  many genomic copies. A family of  interspersed 
repeat sequences created by retroposition corre- 
sponds to partial or complete copies of  one cellular 
RNA species. The most successful families of  short 
retroposons, such as Alu, have large family sizes and 
carry their promoters with them. They arose from 
polymerase III transcripts with sequence s that in- 
clude an internal polymerase III promoter (Rogers 
1985). These retroposons have been quickly iden- 
tified in novel vertebrate species, such as teleost fish, 
newts, and turtles, by in vitro transcription of  ge- 
nomic DNA with Pol III, as initiated from their 
internal promoters, followed by isolation via gel 
electrophoresis of  discrete RNA molecular weight 
bands containing the transcribed retroposon se- 
quences (Endoh and Okada 1986; Matsumoto et al. 
1986). 

Retroposon families can be classified by band 
preference. Of  the 19 different hamster repeat fam- 
ilies we used to probe replication time-fractionated 
DNA, two-thirds showed a band preference with 
SINEs, short interspersed repeats, in R-bands and 
LINEs, long interspersed repeats, usually in G-bands 
(Holmquist and Caston 1986). Alu, BI, and B2 fam- 
ilies (in R-bands) and the L1 family (in G-bands) 
are partitioned (Soriano et al. 1983; Goldman et al. 
1984; Holmquist and Caston 1986; Holmquist  
1988a,b) so that 80-90% (Holmquist and Caston 
1986) of  the copies are in only one band type (Table 
1 and Fig. 1). 



New nonviral  re t roposon families are accumu-  
lating and growing in all m a m m a l i a n  orders (Rogers 
1985; Deininger and Daniels 1986; Weiner  et al. 
1986). The Alu family, c o m m o n  to only primates, 
probably originated f rom 7SL R N A  65 million years 
(Myr) ago after primates diverged f rom rodents 
(Deininger and Daniels 1986) but before monkeys  
diverged f rom prosimians (Weiner et al. 1986). The 
m o n o m e r  family o f  SINEs in the primate Galago 
originated from M e t - t R N A  and is absent f rom apes 
(Deininger and Daniels 1986). The B2a family o f  
rodents originated from Ser- tRNA (Rogers 1985; 
Deininger and Daniels 1986), the rat identifier se- 
quence, a SINE family, originated f rom Ala - tRNA 
and is specific to rats (Deininger and Daniels 1986), 
and the major  rabbit  SINE, the C family, seems 
specific to lagomorphs (Hardison and Printz 1985). 
This direct evidence for the independent  origin and 
growth o f  new re t roposon families since the radia- 
tion o f  the major  mammal i an  orders, along with no 
direct evidence for deletion o f  old retroposons (Wil- 
lard et al. 1987) supports the c o m m o n  view that 
retroposons only accumulate and are not  excised 
(Deininger and Daniels 1986; Weiner  et al. 1986). 

A minori ty  view, retroposons are excised, is more  
reasonable. Avian  genomes contain few retropo- 
sons, 3 whereas retroposons are as c o m m o n  in salm- 
on, tortoises, and frogs as they are in m a m m a l s  
(Endoh and Okada 1986; Ma t sumoto  et al. 1986). 
Birds must  have lost retroposons possibly by exci- 
sion. Also, excision ult imately seems required be- 
cause without  some constraint  on retroposon mass, 
our genorne would accumulate retroposons and blow 
up like that o f  a lungfish. A genome size constraint  
was inferred for the enormous  genomes ofurodeles;  
species with larger genomes have correspondingly 
longer and selectively more  disadvantageous de- 
ve lopment  t imes (Cavalier-Smith 1985). M a m m a -  
lian genomes vary in size within the limited range 
o f  2.1-3.1 x 109 nuucleotide pairs/haploid genome 
(Lewin 1980) and much  of  this variat ion is due to 
satellite DNA.  Even orthologous ch romosome  com-  
par tments  in mice, humans ,  and cats seem con- 
strained in size in that differential accordioning o f  

3 An almost total lack of SINEs in the avian genome (Epplen et 
al. 1978; Holmquist 1988a) but not in other reptiles or vertebrates 
indicates that mass excision of SINEs occurred. The avian ge- 
nome's departure from the short period interspersion pattern of 
interspersed repeats, a pattern indicative of SINEs (Holmquist 
1988b) and common to all other deuterostome genomes tested, 
is considered to be a relatively recent event restricted to this one 
Sauropsidian lineage (Bouchard 1982). CR1, the only reported 
SINE family in chickens, is present at only 1500-7000 copies 
and these are concentrated in GC-rich isochores (Olofsson and 
Bernardi 1983). Thus, numerous retroposons appear unessential 
to the continued existence of the banding pattern and have been 
deleted in birds, However, when retroposons are present, the 
banding pattern directs their dynamics 
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Fig. 3. An extreme view of chromosomes as stable patterns 
through which flow a karyotypically innocuous flux of mobile 
sequences, retroposons. Retroposon sequences of genomic con- 
eentration R generate, via RNA polymerase III, an RNA pool 
proportional to R. Retroposition into the genome via reverse 
transcriptase is then at a rate roughly proportional to R, i.e,, 
kidR]. We presume a flux of retroposons k~t[R] also leaves the 
genome at some rate proportional to R; the equilibrium rate 
constant is K --- kin/kout. For Alu, KR > 1 > I~  describes the 
average history of K-values in R- and G-bands during the last 
80 Myr in the lineage leading to humans. When extended to the 
C-value paradox (Cavalier-Smith 1985), with birds having smaller 
genomes [C = 0.8-1.3 pg ofDNA/haploid genome (Lewin 1980)] 
and much less (Eden and Hendrick 1978; Epplen et al, 1978) 
interspersed repeat DNA than mammals [C = 2-3 pg of I3NA 
(Lewin 1980)], the concept indicates that both the large and "~,'ari- 
able sizes of newt and salamander genomes [C = 18-69 pg in 
plethodontid salamanders (Mizuno and Macgregor 1974)] are 
explained by large overall K-values in urodeles. Although retro- 
viral sequences can excise precisely by homologous recombina- 
tion between flanking LTR sequences, there is no evidence that 
retroposons can do likewise. If retroposons are purged by chance 
inclusion in deletions, the equilibrium concept is not mathe- 
matically precise. 

By sharing of a common RNA retroposition pool or by mo- 
lecular drive, DNA sequences can migrate from populations of 
R-band sequences into populations of G-band sequences, r.c- 
cause a small migration rate between two large populations pre- 
vents allele frequency drift (Lewontin 1974), but the two l~:nd 
DNA populations have drifed apart in their base and mob'le 
element frequencies, then the two band DNA populations behave 
as if isolated from each other (Holmquist et al 1982). This ar- 
gument justified calling R-band DNA and G-band DNA "sep- 
arate sub-genomes" (Goldman et al. 1984). Also, by the defini- 
tions of Grantham et al. (1980), the sub "genome and not the 
individual gene is the unit of selection for codon usage." 

bands (Holmquis t  1988b) is not  readily apparent  
(Fig. 1). A constraint  on retroposon mass suggests 
that  in mammal s  but not urodeles (Fig. 3) retro- 
posons should be excising from the genome about  
as fast as they are becoming fixed in the genome. 

The fixation and possible deletion o f  retroposons 
during evolution may  be rapid. The rate o f  tu rnover  
for L1 elements in mice seems to be only 3.3 Myr  
(Martin et al. 1985). Active and recently acquired 
endogenous copies o f  mouse  m a m m a r y  tumor  virus 
OVIMTV), copies specific to only certain mouse  
strains, are in both  G- and R-bands,  whereas the 
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approximately 10 old MMTV copies, those highly 
methylated and common to all strains, are restricted 
to only one AT-rich isochore fraction of G-band 
DNA (Salinas et al. 1987). Because active MMTV 
provirions are detrimental to their host, selection 
against individuals with early-replicating (poten- 
tially active) MMTV sequences possibly could ac- 
count for eventual partitioning of MMTV into late- 
replicating (usually inactive) G-bands. Unlike that 
of low copy number retroviruses such as MMTV, 
the substitutional load of genetic deaths required to 
similarly partition high copy number retroposons 
such as L1 is unreasonable (see Discussion). Con- 
sequenfly, retroposon partitioning is most likely due 
to innocuous differential retroposition/excision rates 
along the chromosome rather than to selective deaths 
of  individuals with a retroposon in the wrong band. 

The fixation of  retroposons, although involving 
DNA breaks for their insertion, is karyotypically 
innocuous. HSA lp has accumulated 30,000 copies 
of Alu and MMU 4 has accumulated about half that 
many copies of  B 1 and B2 since humans and mice 
diverged. Yet the banding patterns of HSA 1 p and 
MMU 4 are almost identical (Fig. 1). Rodent and 
probably cat chromosomes lack Alu and contain 
completely different major SINE families (Rogers 
1985; Deininger and Daniels 1986; Weiner et al. 
1986) in the ecological niche of  the human Alu fam- 
ily (Holmquist 1988b). Like MMU 4 in mice, sev- 
eral chromosome regions of the house cat, Fells ca- 
tus, are almost identical to human chromosome 
regions by gene mapping, G-banding, and replica- 
tion banding (O'Brien et al. 1984; yon Kiel et al. 
1985; Sawyer and Hozier 1986) (Fig. 1). Five 
hundred thousand (Schmid and Jelinek 1982) to 
910,000 (Hwu et al. 1986) Alu copies have been 
inserted in the human lineage during primate evo- 
lution (Deininger and Daniels 1986), yet only 150 
different chromosome rearrangements are evident 
between all different primate lineages (Dutrillaux 
1979; Seuanez 1979). Humans may actually have 
fixed another 500,000 Alu copies and 50,000 L1 
copies in the last 6 Myr since humans diverged from 
apes (Hwu et al. 1986). Yet aside from a few chro- 
mosome rearrangements,  the ape and human  
G-banding patterns are identical. In plethodontid 
salamanders, wherein the C-value ranges from 18 
pg to 69 pg DNA/haploid genome, the unbanded 
karyotypes are, with the exception of  actual chro- 
mosome size, identical in chromosome number and 
arm length ratios in most of  the species karyotyped 
(Mizuno and Macgregor 1974). A description of these 
data that defines the partitioning of  mobile families 
of  interspersed retroposons and the C-value itself in 
terms of rate constants for transposition (and pos- 
sible excision) is shown in Fig. 3. It portrays the 
karyotype as a rather stable pattern through which 

flows a flux of karyotypically innocuous elements 
(Holmquist 1988b). Stable patterns in such dynamic 
systems require feedback loop(s) to stabilize them. 
Because retroposon sequences do not include a con- 
sensus sequence for their own integration (Rogers 
1985; Weiner et al. 1986), another feedback loop 
must stabilize their patterns of insertion. 

Chromatin Domains and Mutation Rates 

Various DNA modification reactions have rate con- 
stants that vary along the chromosome. Near the 
glue gene cluster of Drosophila is a sharp 50-bp- 
wide boundary between rapidly and slowly evolving 
DNA. Sequenced DNA from five Drosophila species 
showed that the rate of fixation of base substitutions 
has differed by almost 10-fold across this boundary 
(Martin and Meyerowitz 1986). Because the fre- 
quency of small insertion or deletion events across 
this boundary was nearly constant, the different base 
substitution rates cannot be due to natural selection 
against individuals with altered DNA and must re- 
flect the cell's ability to modulate the rate of  DNA 
base substitution along the chromosome indepen- 
dently of deletion and insertion rates. Repair rates 
in mammals also vary along the chromosome. In 
monkey cells, aflatoxin Bt adducts in alpha DNA 
of the centric heterochromatin are removed much 
more slowly than are adducts in the remainder of 
the genome (Zolan et al. 1982; Leadon et al. 1983), 
whereas no such difference was detected for thy- 
midine dimer removal (Zolan et al. 1982). However, 
thymidine dimers are removed up to 10 times faster 
from active genes (c-abl, DHFR) than they are from 
inactive genes (c-mos) (Madhani et al. 1986; Mellon 
et al. 1986) and this fast repair domain extends at 
least 50 kb upstream from the human DHFR gene 
(Madhani et al. 1986; Mellon et al. 1986). Very 
early-replicating genes seem to amplify more easily 
and frequently than do other genes (Schimke et al. 
1986). Thus, individual reactions that maintain or 
alter DNA sequences are often independently mod- 
ulated along the chromosome and do not simply 
reflect overall patterns of  chromatin accessibility. 
We now ask "does the molecular clock vary coin- 
cident with the banding pattern?" If  a rate increase 
in only one DNA modification reaction, homolo- 
gous recombination, can drive the collapse of  a stan- 
dard eukaryotic genome into the almost intronless 
Saccharomyces genome ( l ink 1987), a genome void 
of  most redundant sequences, then smaller rate 
changes varying along individual chromosomes 
could certainly mold an alternating pattern of  bands. 

Some chromatin proteins are band type specific. 
C-bands have very little nonhistone protein (Com- 
ings et al. 1977) and probably have some proteins 
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specific to them (Solomon et al. 1986). Fluorescent 
serum against T-antigen illuminates a G-banded 
pattern along chromosomes of SV40-transformed 
cells (D'Alisa et al. 1979). A fluorescent monoclonal 
antibody against a nuclear protein specifically illu- 
minates R-bands (Schonberg et al. 1987). From this, 
along with evidence that rate constants for muta- 
tion, repair, and amplification may vary along the 
chromosome and knowledge that retroposition rate 
constants, directional base composition changes, in- 
clusion of  CpG islands, and even mutation rate are 
orchestrated by the banding pattern (Table 1), we 
infer that bands are chromatin macrodomains that 
compartmentally modulate the rates of  DNA mod- 
ification reactions/ 

What force maintains the base composition uni- 
formity in one isochore (band), whereas different 
isochores (bands) have different GC contents and 
different Alu concentrations? Why are gene sequence 
properties correlated with properties of the noncod- 
ing DNA in which the genes are imbedded? How 
can a stable banding pattern survive, whereas many 
of its elements are being constantly replaced? An- 
swers require new concepts. 

I f  chromatin modulates its DNA modification 
reactions, then a chromatin domain would ulti- 
mately influence its own DNA sequences. This would 
involve a self-stabilizing feedback loop where: DNA 
sequences determine the affinity of --, proteins that 
bind to form -, a chromatin that modulates -~ rate 
constants for DNA modification reactions that de- 
termine -, DNA sequences. For example, if  the un- 
methylated CpGs in CpG islands cooperatively 
bound a cytosine methylase-inhibiting protein, they 
would be spared the directional mutation of  deam- 
ination, CmpG --, TpG, thus preserving both them- 
selves and local GC richness. Even a coding se- 
quence could be influenced by local DNA via the 
chromatin domain that local DNA organizes. We 
now discuss how the force of  natural selection, act- 
ing at the DNA level, could cause communities of 
mobile DNA sequences to cooperatively coevolve 
via this feedback loop to assist formation of  stable 
chromatin patterns. 

Discussion 

Noncoding sequences along the chromosome are 
too ordered to result from fixation of selectively 
neutral events but would have produced an unrea- 
sonably high genetic load if natural selection had 
acted on individuals in which these events occurred. 

4 Sueoka (1988) suggested there might be several different direc- 
tional mutation pressures (differential repair rates, etc.) in dif- 
ferent locations of the vertebrate genome with the cause of the 
different pressures possibly residing in the structural elements of 
the different chromatin domains 

Random Drift and Positional Constraints 

The essence of  Kimura's (1983) neutral mutat ion-  
random drift theory is that the selection intensity 
on 94-98% of all molecular mutants is so weak that 
mutation pressure and random drift prevail. DNA 
sequences unconstrained by natural selection should 
be polymorphic in the population, maintained in 
the species by mutational input and random ex- 
tinction. Third codon bases did appear neutral and 
functionally unconstrained in 1983. But with ad- 
ditional data, Bernardi and Bernardi (1986) showed 
that those third codon bases that became fixed in 
mammal i an  populat ions are posi t ional ly  con- 
strained. Their base composition is positively cor- 
related with the base composition of  flanking DNA, 
i.e., fixed in tune with the compositional strategy of  
the genome. We can now estimate the percentage 
ofnucleotides that are positionally constrained, i.e., 
have been fixed in R-bands, because their loci are 
in R-bands and not in G-bands. The 3% (Holmquist 
et al. 1982) difference in base composition implies 
3% of the bases are G or C because their loci are in 
R-bands instead of  G-bands. Eighty-five percent of  
the 5% of the genome that is AIu adds another 8.5%. 
Another approximately 8.5% in hamsters comprises 
a variety of  low copy number SINE families all spe- 
cific to R-bands (Holmquist and Caston 1986). Only 
our lack of data precludes extending this percentage 
past 15-20% and positional constraints on coding 
sequences have not been included. Positionally con- 
strained DNA is so extensive that cytogeneticists 
use it to identify chromosomes (Fig. 1). 

Kimura and Maruyama (1969) used Fick's dif- 
fusion equations as a function of time to argue that 
a new amino acid or base at almost any locus is not 
(functionally) constrained but is free to randomly 
diffuse through homologous loci of  an interbreeding 
population over time without a substitutional cost 
contribution to genetic load. But diffusion equations 
also apply to spatial constraints. In the application 
of  Fick's equation (Tanford 1961) to CsCI sedi- 
mentation equilibrium, the final concentration gra- 
dient is a balance between a sedimentaiton force 
concentrating CsC1 at the periphery of  the rotor and 
a force of  diffusion tending to make the CsCI con- 
centration homogeneous. At equilibrium, a concen- 
tration gradient implies a second force must act 
against the diffusive force to sustain the gradient. 
The bands represent concentration gradients of  con- 
strained DNA. The basic pattern has been at equi- 
librium in HSA lp (Fig. 1) for over 80 Myr. What 
force maintains these gradients from mutational dif- 
fusion? 

The High Cost o f  Natural Selection 
There are only two possible contributions to the 
force that directs positional constraints. Mutational 
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i n p u t  c o u l d  b e  p o s i t i o n a l l y  o r d e r e d ,  a n d  e x t i n c t i o n  
o f  a s e q u e n c e  c o u l d  i n v o l v e  o r d e r e d  m u t a t i o n a l  o u t -  
put .  F igu re  3 s h o w s  these  t w o  m e c h a n i s m s  as  c o m -  
p e t i n g  for  r e t r o p o s o n s  b u t  i t  c o u l d  s i m i l a r l y  be  a p -  
p l i e d  to  i n d i v i d u a l  b a s e s  w i t h  the  resu l t s  a p p e a r i n g  
as  a t e m p e r a t u r e - s e n s i t i v e  d i r e c t i o n a l  m u t a t i o n  
p r e s s u r e  for  i n c r e a s e d  G + C  in  h o m e o t h e r m s .  T h i s  
m o d e l  i gno res  f ixa t ion  a n d  d e p i c t s  r a t e s  o f  m u t a -  
t i o n a l  i n p u t  a n d  m u t a t i o n a l  o u t p u t  as  b e i n g  p o s i -  
t i o n a l l y  o r g a n i z e d  b y  s o m e  u n d e s c r i b e d  force.  G e -  
n o m e  size a n d  l o n g i t u d i n a l  d i f f e r e n t i a t i o n  a long  the  
c h r o m o s o m a l  D N A  m o l e c u l e  b e c o m e  s i m p l e  h i s -  
t o r i c a l  r e c o r d s  o f  i n p u t / o u t p u t  r a t ios .  

W h i l e  a p p l y i n g  i t  o n l y  to  e x o n  sequences ,  Ber-  
n a r d i  a n d  B e r n a r d i  (1986)  sugges ted  t h a t  n a t u r a l  
s e l ec t ion  ac t i ng  o n  i n d i v i d u a l s  is  t he  force  o r d e r i n g  
m u t a t i o n a l  i n p u t - o u t p u t .  T h e  D N A  tha t  r e s p o n d s  
to  t h a t  fo rce  c l a s s i ca l ly  p r o v i d e s  a f u n c t i o n  to  the  
o r g a n i s m  u p o n  w h i c h  se l ec t ion  acts .  H a l d a n e ' s  
(1957)  s u b s t i t u t i o n a l  cos t  t h e o r y  was  the  bas i s  for  
O h n o  ca l l ing  n o n c o d i n g  D N A  n o n f u n c t i o n a l  j u n k  
( O h n o  1972) a n d  s t i m u l a t e d  the  n e u t r a l  m u t a t i o n  
h y p o t h e s i s  ( K i m u r a  1983); w i t h  a s p o n t a n e o u s  m u -  
t a t i o n  r a t e  o f  1 0 - 5 / l o c u s - g e n e r a t i o n ,  " ' the  gene t i c  
l o a d  for  m a i n t a i n i n g  th i s  D N A  as  f u n c t i o n a l  a n d  
s e q u e n c e  c o n s t r a i n e d  w o u l d  be  i n t o l e r a b l e  a n d  
t h e r e f o r e  i t  m u s t  be  f u n c t i o n l e s s  j u n k "  ( O h n o  1972). 
T h e  s u b s t i t u t i o n a l  load ,  the  cos t  to  a p o p u l a t i o n  o f  
r e p l a c i n g  o n e  a l le le  wi th  a n e w  m o r e  a d v a n t a g e o u s  
al lele ,  is t ha t  a b o u t  30n i n d i v i d u a l s  (n = the  p o p -  
u l a t i o n  size) c a r r y i n g  the  o l d  a l le le  m u s t  d i e  gene t i c  
d e a t h s ,  w h i l e  t he  n e w  a l le le  s p r e a d s  t h r o u g h  a n d  
b e c o m e s  f ixed  in  t he  p o p u l a t i o n .  R e c e n t  d a t a  a l l ows  
o n e  to  ca l cu l a t e  t he  cos t  o f  a se lec t ive  a d v a n t a g e  for  
p o s i t i o n a l l y  c o n s t r a i n e d  D N A  as  4 x 105 gene t i c  
d e a t h s  p e r  gene ra t i on  to  fix Alu  sequences  in  R - b a n d s  
s ince  Alu  first  a p p e a r e d  in  p r i m a t e s  s a n d  3.8 • 10 s 

5 Retroposon-orthologous-site polymorphisms are rare in hu- 
mans (Kominami, et al. 1983; Economou-Paehnis and Tsichlis 
1985; Furano et al. 1986; Sawada and Schmid 1986; Trabuchet 
et al. 1987) implying that most retroposon sequences are already 
fixed in the population. For Alu, this is reasonable if the copies 
were all generated by three or four rather old bursts of retropo- 
sition from three or four distinct founder sequences (Sawada and 
Schmid 1986; Willard et al. 1987; Britten et al. 1988). Any neutral 
mutation becomes either eliminated from or effectively fixed in 
a population of size n in about 2n generations and any selective 
advantage or disadvantage speeds this process (Kimura 1983). 
For an Alu inserted in higher primates, this would be about 2 • 
100,000 individuals x 20 years/generation = 4 Myr. This esti- 

�9 mate is consistent with finding no orthologous-site Alu poly- 
morphisms for six sites, a comparison between humans and 
chimpanzees in the alpha-globin locus (Sawada and Schmid 1986). 
The high concentration of Alu in R-bands classically rules out 
fixation by selectively neutral events. Assume an Alu in an R-band 
is advantageous. Because Alu evolved 65 Myr ago (Deininger and 
Daniels 1986), the lineage leading to humans has fixed 5 x 105 
Alu copies with an estimated substitutional cost of [(5 x 105 
copies x 30 x 100,000 individuals in population)/(65 x 106 

gene t i c  d e a t h s  p e r  y e a r  to  fix t he  i n c r e a s e d  G C  c o n -  
t en t  o f  o u r  R - b a n d  c o m p a r t m e n t s  s ince  h u m a n s  d i -  
v e r g e d  f r o m  frogs.  6 U n r e a s o n a b l e ! !  

P o s i t i o n a l l y  c o n s t r a i n e d  D N A  differs  f r o m  func-  
t i o n a l l y  c o n s t r a i n e d  D N A  in  t h a t  i t  a c c u m u l a t e s  
m u t a t i o n s  r a p i d l y  a n d  was  h e n c e  ca l l ed  u n c o n -  
s t r a i n e d  D N A  ( K i m u r a  1983). Z u c k e r k a n d l  (1986)  

r ea l i zed  the  i m p o s s i b l e  subs t i t u t i ona l  cos t  o f  so m a n y  
m u t a t i o n s  b e c o m i n g  f ixed  in  p o s i t i o n a l l y  c o n -  
s t r a i n e d  s equences  a n d  p r o p o s e d  t h a t  th i s  D N A  is 
f u n c t i o n a l l y  c o n s t r a i n e d  as  s e q u e n c e  m o t i f s  r a t h e r  
t h a n  as  r i g o r o u s l y  d e f i n e d  sequences .  M a n y  m u t a -  
t i ons  c o u l d  a c c u m u l a t e  in  a m o t i f  as  n e a r l y  n e u t r a l  
m u t a t i o n s  un t i l  s e q u e n c e  a d u l t e r a t i o n  p a s s e d  a cer -  
t a in  t h r e s h o l d  o f  se lec t ive  d i s a d v a n t a g e .  A t  th is  t ime ,  
a m o t i f ' s  a c c u m u l a t i o n  o f  m a n y  m u t a t i o n s  c o u l d  be  
e l i m i n a t e d  b y  n a t u r a l  s e l ec t ion  ac t ing  to  r e m o v e  a n  
en t i r e  mo t i f ,  r a t h e r  t h a n  each  o f  i ts  m u t a t i o n s  in -  
d i v i d u a l l y ,  a t  a f r ac t i on  o f  t he  usua l  s u b s t i t u t i o n a l  
cost .  T h i s  is  a n  e x t r e m e  f o r m  o f  n o n i n d e p e n d e n t  
se l ec t ion  ( S m i t h  1968). In  t he  p r e c e d i n g  p a r a g r a p h ,  
we t r e a t e d  the  Alu  s e q u e n c e  as  a u n i t  m o t i f  a n d  
f o u n d  t h a t  t he  gene t i c  l o a d  for  f ixing w h o l e  m o t i f s  
was  u n r e a s o n a b l y g r e a t  so t he  l o a d  i n v o l v e d  in  f ixing 
t h e i r  i n d i v i d u a l  base  s u b s t i t u t i o n s  is  a c a d e m i c .  

T h e  s i m p l i f y i n g  a s s u m p t i o n s  a n d  exac t  e q u a t i o n s  
o f  p o p u l a t i o n  gene t i c s  l e a d  to  a b s u r d  c o n t r a d i c -  
t ions ,  s,6 W h e t h e r  p o s i t i o n a l l y  c o n s t r a i n e d  D N A  is 
a d v a n t a g e o u s ,  o r  neu t r a l ,  o r  d i s a d v a n t a g e o u s  to  t he  
i n d i v i d u a l ,  i t  c a n n o t  exis t .  I p r o p o s e  t h a t  l ife in -  
v o l v e s  such  a c o m p l e x  h i e r a r c h y  o f  s y s t e m s  i n t e r -  
a c t i o n s  t ha t  s e l ec t ion  a n d  m u t a t i o n a l  l o a d  can  b e  
r e a l i z e d  a t  lower ,  less cos t ly  leve ls  t h a n  the  i n d i v i d -  
ual .  Al u  can  be  p o s i t i o n a l l y  c o n s t r a i n e d  w i t h o u t  k i l l -  
ing  i n d i v i d u a l s .  

Hierarchical Selection 

O r g a n i s m s  o f  t he  s a m e  spec ies  r e p r e s e n t  h e r i t a b l y  
r e l a t ed ,  p h e n o t y p i c a l l y  s i m i l a r  D a r w i n i a n  un i t s .  

years)] = 2.3 x 10 * genetic deaths/year. Alternatively, one could 
argue that Alu insertions occur homogeneously throughout the 
genome and are nearly neutral in R-bands, but that such inser- 
tions in G-bands represent deleterious mutations. The frequency 
with which mutations occur is approximately 2n times their rate 
of fixation (Kimura 1983): 2 x 100,000 individuals x (5 x 105 
Alu) • 20 years per generation/65 x 106 years = 3 x 104 dele- 
terious mutations per generation for selection against AIu inserts 
in G-bands. The maximum allowable number of all deleterious 
mutations per genome per generation is 0.5 per gamete in an 
equilibrium population (Crow and Kimura 1970). So Alu cannot 
afford to be deleterious in G-bands 

R-band DNA is 3.24% GC richer than G-band DNA (Holm- 
quist et al. 1982), an increase that occurred since frogs diverged 
from man 360 Myr ago. 1.4 x 109 bp of R-band DNA x 0.0324 
~4.5 x 107 times A or T ~ GorC.(4 .5  x 107 • 30 • 100,000/ 
3.60 x 108 years) = 3,8 x l0 s genetic deaths per year for 360 
Myr to directionally exchange A/T for G/C. If the increased GC 
has been fixed, the substitutional load is much greater than Alu's 
contribution 



They propagate usually very similar units and com- 
pete with both other species and members of their 
own species in a bounded ecosystem wherein their 
numbers are limited. Consider as a hypothetical ex- 
ample, the hundreds of mitochondria in a mam- 
malian male's germ cell. These are also Darwinian 
units. They compete with each other while obeying 
all the rules of Darwinian units, and they are essen- 
tial to the success of their bounded ecosystem, the 
cell. Dropping down to a lower hierarchical level, 
the mitochondrion is a smaller bounded ecosystem 
and its 10 DNA molecules behave like Darwinian 
units competing with each other and mutually con- 
tribution to the success of  their bounded ecosystem, 
the mitochondrion. At this hierarchical level, con- 
sider a hypothetical petite-like mutation, a mito- 
chondrial DNA molecule with a deletion of  a few 
tRNA genes. The deletion decreases the replication 
time and consequently increases the selective ad- 
vantage of that molecule in the mitochondrion. The 
petite-like molecule will increase its frequency at the 
expense of wild type molecules in that mitochon- 
drion's progeny. But mitochondria with petite-like 
DNA compete with wild type mitochondria in the 
cell (at the next higher hierarchical level). If  the 
selective advantage due to the deletion was positive, 
then these mitochondria would "win" in the cell 
lineage harboring them. But now these cell lineages 
are competing with other germ cell lineages in the 
organism's testicle. If  the fitness of petite-like cells 
is low becaues they are anaerobic, then the petite- 
like cell lineages would die out. In both male and 
female mammalian gonads, 70-90% of the germ 
cells undergo atresia during mitotic proliferation or 
before meiosis I (Baker 1963); within wide limits, 
the loss of  a germ cell lineage decreases only the 
variety but not the final number of gametes pro- 
duced. Thus, intervening hierarchical levels of  or- 
ganization ensure protection of costly Darwinian 
units higher in the hierarchy from changes in smaller 
less expensive Darwinian units lower in the hier- 
archy. The hypothesized petite-like mutation would 
disappear with minimal mutational cost to the or- 
ganism because the resulting genetic deaths were at 
the cellular level of hierarchical selection. 

As an example of hierarchical seiection, R-band 
trisomy is selected against at less cost than is G-band 
trisomy (Table 1). Selection against uncharacteristic 
activity of tissue-specific genes such as brain or liv- 
er-specific genes acts after midembryogenesis or af- 
ter birth when these gene products are normally 
required. As housekeeping genes are active and usu- 
ally required in all cell types, selection against their 
uncharacteristic activity should more often occur in 
the germ line or before implantation. Most human 
embryos trisomic for very large chromosome seg- 
ments either fail to implant or abort before birth. 
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Embryos trisomic for chromosomes containing small 
amounts of R-band chromatin, such as chromo- 
somes 21, 18, or 13, often survive to birth, whereas 
embryos trisomic for smaller chromosomes but ones 
with more R-band chromatin, i.e., chromosomes 
19, 20, and 22, either fail to implant or sponta- 
neously abort in the first trimester (Hoehn 1975; 
Kuhn et al. 1985) (Table 1). In the currency of  ges- 
tation and lactation time, the mutational cost of 
lowered reproductive fitness of R-band (housekeep- 
ing gene) trisomy is less than that of  G-band tri- 
s o m y .  7 

Returning to the mitochondrion example, as- 
sume all its 10 DNA molecules were fused into one 
large chromosome consisting of  10 tandem repeats. 
This would at first appear to remove the lowest level 
of  the hierarchy so that an altered repeat could not 
increase in this mitochondrion's lineage at the ex- 
pense of  the nine wild type repeats. The large chro- 
mosome would now behave as the lowest unit of 
Darwinian selection. However, i f  the petite-like re- 
peat could, by gene conversion, unequal sister chro- 
matid exchange, transposition, slippage-replication, 
amplification, i.e., any of the mechanisms of  mo- 
lecular drive (Dover 1982), increase its frequency 
at the expense of  the wild type repeats, then the 
repeats, although linked as one chromosome, would 
behave again like individual units. The petite-like 
repeat could again increase its frequency at the ex- 
pense of wild type repeat units. If  the mutation were 
a base substitution or insertion instead of a deletion, 
the base pair would act as the smallest Darwinian 
unit (Zuckerkandl 1976). Thus, non-Mendelian 
mechanisms of inheritance all share one fundamen- 
tal systems property, they add a lower level to the 
hierarchy, allowing segments of  chromosomes as 
small as base pairs the freedom to behave as Dar- 
winian units or selfish DNA (Dawkins 1976; Orgel 
and Crick 1980), assuming the following criteria are 
met: (1) Limits on genome size limit the population 
size of these units. (2) The mutational load accom- 
panying their competition is not effected at a costly 
organism level. Such a freeedom would actually en- 
sure that a dynamic cooperative system would form. 
Ecosystems exemplify such systems. 

Molecular Ecology of Ordered 
Mutational Input 

Mobile DNA sequences as Darwinian units in bands 
are like individual plants as Darwinian units in floral 

7 If a dominant  mutation in a housekeeping gene such as a ri- 
bosomal protein occurred in a secondary spermatogonia and con- 
ferred a sudden disadvantage to this cell lineage, the resulting 
reduction of genetic variability, a component  of genetic load, in 
the population of  individuals would be less, by the ratio ofsper-  
matogonia/individuals, than that from a dominant  tissue-specific 
gene that killed only individuals 
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communities. (1) Sexual reproduction: parental 
strands exchange, daughter strands have sequence 
properties of both parental strands. Asexual repro- 
duction: amplification or duplicative retroposition. 
(2) Retroposons occupy the equivalent of  ecological 
niches in the genome. B1 and B2 or Alu are the 
dominant SINE family in the R-band niche of mice 
or men, respectively, whereas lagomorphs have C1 
repeats instead of Alu or B1 (Sakamoto and Okada 
1985). (3) Like individual plants in a plant com- 
munity, individual repeats can come and go (birth 
and death), yet the spatial distribution of their fam- 
ily members can, like the boundaries of a plant com- 
munity, remain sharp and constant (Fig. 3). (4) In- 
terspersed repeats, such as the retroviral-like E T n  
elements in various murine species (Sonigo et al. 
1987) or the nonviral retroposon L1 family in var- 
ious mammalian orders (Martin et al. 1985), have 
coevolved (Holmquist and Dancis 1979) in a con- 
certed fashion around a drifting family consensus 
sequence (Dover 1982, 1986), i.e., elements of the 
family have greater similarity to one another when 
from the same organismal species than when from 
different species. The mechanism of concerted evo- 
lution of interspersed repeats could involve selective 
amplification (duplicative transposition) of  one or 
a few copies of each element with elimination of old 
elements and/or gene conversion between elements 
in different parts of  the genome (Martin et al. 1985; 
Dover 1986; Sonigo et al. 1987). Like a plant pop- 
ulation, the murine L 1 family or E T n  family appears 
as a popualtion of  interbreeding Darwinian units 
sharing the same gene pool. (5) Bees and flowering 
plants have coevolved. They live together and help 
each other. Might two different sequence families, 
like bees and flowering plants, interspecifically co- 
evolve and consequently cohabit the same com- 
partments? This would drive local aggregations of  
synergistic sequence types into sequence commu- 
nities. It would appear as a concentrating force in 
Fick's equilibrium equation, and be a prediction 
from molecular ecology. As 9 of 21 different SINE 
sequences and 11 of 12 different LINE sequences 
are concentrated in either hamster's R- or G-bands, 
respectively (Holmquist and Caston 1986), their co- 
habitation suggests synergistic coevolution and fur- 
ther examination of plant community properties. 

Odum (1969) proposed that succession in an eco- 
system has three general properties. (1) It is an or- 
derly directional process of  plant community de- 
velopment. (2) It culminates in a climax ecosystem 
with maximal information content, and, by the buff- 
ering effects of  interspecies interactions, produces 
local homeostasis. He implied that survival of  the 
fittest is often survival of the most cooperative with 
constellations of species coevolving synergistically. 
(3) Even though the external environment of  tem- 

perature, rainfall, etc. dictates the subset of all plant 
communities that can exist, once a particular succes- 
sional pattern or route to one particular climax com- 
munity becomes established, the local community 
determines to a great extent the local biotic mi- 
croenvironment to which individuals must adapt. 
This is positional constraint. 

Succession in the southern Lake Michigan sand 
dunes (Olson 1958) reveals these principles. Succes- 
sion from the monophyletic dune grass pioneering 
community to a climax forest of  trees, bushes, and 
shrubs may branch into one of  two major routes. 
These lead either to a mesophytic climax commu- 
nity of basswood-maple, beech, birch, and alkaline 
soil, or to a xerophytic community of  pine, black 
oak, blueberry, huckleberry, and acidic soil (Olson 
1958). Black oak leaf litter mulches by fungal deg- 
radation to an acidic humis through which cationic 
nutrient ions are easily leached by rain. The nutrient 
level in the acidic soil is just sufficient for the sur- 
vival of black oak and blueberry but insufficient for 
the survival of  maple. Conversely, litter from the 
mesophytic trees mulches by bacterial degradation 
to an alkaline humis. The higher pH keeps this soil's 
level of  absorbed cationic nutrients high enough for 
the maple and beech to always have a competitive 
advantage over black oak. Viewed from above, the 
geographically patchy pattern of  light and dark green 
areas representing the two climax communities is, 
like the chromosome's banding pattern, fairly stable 
over time (Olson 1958) even though the elements, 
individual plants, are continuously replaced. One 
community excludes the other's species. The areas 
can, like bands in Fig. 3, be described by their ger- 
mination-growth-to-maturity equilibrium rate con- 
stants: mesophytic where Kmapl~ - 1 and Kblack oak 
< 1 or xerophytic where Kmap~e < 1 and Kblack oak -- 
1. One loop in the self stabilizing feedback system 
is: plants modulate -~ soil pH that affects -~ nutrient 
level that determines ~ germination success of 
plants. Although the black oak tree functions as a 
canopy tree and grows best in high-nutrient soil, 
were it to be isolated and myopically studied in a 
greenhouse, its producing a nutrient-poor soil would 
enigmatically seem detrimental to its function as a 
tall canopy tree. However, in tune with the pH feed- 
back loop, this property reflects the oak's commu- 
nity strategy of excluding maple and not the oak's 
canopy function. The enigma was created by study- 
ing the oak separate from its positional habitat. 

The propensity of DNA sequences to follow a 
community strategy related to chromatin (soil) type 
has been called politeness (Zuckerkandl 1986). It 
involved a study of  DNA sequences in their native 
habitat. Polite DNA (Zuckerkandl 1986) is se- 
quences that, upon entering a chromatin domain, 
leave that domain's unique integrity undisturbed. 



483 

AT-r ich  re t roposons  are usually found poli tely 
i m b e d d e d  in AT-r ich  doma ins  because the com-  
par tmenta l ized  genome  has already m a x i m i z e d  po-  
liteness. Table  2 actually demons t ra tes  politeness. 
Each gene, like a compu te r  file, contains  coded  se- 
quences broadly  indicating disc and  sector locat ions 
where  that  gene "belongs ."  Alpha  satellite (C-band)  
D N A  behaves  impol i te ly  when inserted into eu- 
chromat in ;  there it causes instabili ty,  c h r o m o s o m e  
breaks,  and  sister ch romat id  exchanges (Heart le in 
et al. 1987). Al though it accurately describes m a n y  
observat ions ,  poli teness is a pass ive  concept  and  
therefore insufficient to comple te  the act ive  feed- 
back  loop required for  c o m m u n i t y  homeos tas i s  and  
c h r o m o s o m e  stability. A noncoding D N A  sequence 
mus t  act ively comple te  the loop by  favor ing prop-  
agation o f  bo th  i tself  and  its fellow c o m m u n i t y  
member s .  For  example ,  B1 sequences in mur ine  
R-bands  should contr ibute  to an R - b a n d  ch romat in  
that  increases the re t roposi t ion o f  bo th  B 1 and B2 
sequences, whereas  B2, in turn, should synergisti- 
cally assist B 1 into the same domain .  Thus,  as dis- 
t inct  f rom molecu la r  dr ive  that  restricts natural  se- 
lection to acting only on the external dynamics  o f  
popula t ions  o f  individuals  (Dover  1986), molecular  
ecology demands  that  selection also act  below the 
individual  level on the internal  dynamics  o f  non-  
Mendel ian  D N A  behavior .  I f  such feedback sys tems 
involving D N A  tu rnover  became  firm forces driving 
the genome into pat terns  o f  distinct ch roma t in  do-  
mains ,  then each d o m a i n  could influence even the 
habi ta t  to which resident  coding sequences mus t  
adapt .  

C-bands  are quite po lymorph ic  (John and  Miklos  
1979). The  often explosive popula t ion  dynamics  o f  
their  t andem repeats  are like those ofnonsynerg is t ic  
pioneer ing species in early stages o f  succession 
(Odum 1969). M a m m a l i a n  re t roposon dynamics  are 
usually m u c h  more  like that  o f  a c l imax ecosys tem 
or even like symbion t s  in a popula t ion  o f  hosts,  
stable, commensura l ,  homeosta t ic ,  as i f  the chro- 
ma t in  doma ins  they help fo rm m a y  also i m pa r t  an 
advantage  to the chordate  host. An obv ious  advan-  
tage is the possible strategy o f r e t roposons  provid ing  
nearby  genes with a m o r e  optimal,  ch roma t in  en- 
v i ronment .  Genes  inact ive in mos t  tissues and genes 
whose deleterious mu tan t s  would  cause a muta t ion-  
al load at the organism level could, with the adven t  
o f  G-bands ,  now be sequestered into facultat ive het-  
e roch romat in  where  their  repression m e c h a n i s m  
repertoire  would include late replication. The i r  
spec t rum o f  ch romat in  prote ins  that  b ind  to newly 
synthesized D N A  could be  modu la t ed  by  prote in  
avai labi l i ty  during late S-phase (Gottesfeld and  
B loomer  1982). Addit ional ly ,  these genes could be 
in ch romat in  c o m p a r t m e n t s  with unique rates o f  
muta t ion ,  amplif icat ion,  repair,  and  eventual  codon 

usage. An abundance  o f  D N A ,  uncons t ra ined  by  a 
prote in-coding function, would be absolutely essen- 
tial to the existence and  homeos tas i s  o f  such unique 
ch romat in  c o m p a r t m e n t s  and  to the advantage  such 
c o m p a r t m e n t s  would p rov ide  to the individual  (Cox 
1972). 

In s u m m a r y ,  the c h r o m o s o m e ' s  backbone  con- 
sti tuents are dynamic ,  whereas  its stable banding  
pat tern  rigidly constrains  bo th  prote in-coding se- 
quences and  noncoding D N A  sequences. These  data  
are inconsistent  with the m a i n s t r e a m  molecu la r  the- 
ory that  coding sequences are de te rmined  only by  
selection acting on protein funct ion and  with the 
neutral  mu ta t i on  hypothesis  that  predicts  noncod-  
ing sequences be posi t ionally unconstrained.  Mo-  
lecular ecology theory was presented in an ex t reme 
fo rm to show that  these data  can be explained with- 
out  evoking structural  D N A  and wi thout  e m p h a -  
sizing the covalent  continuity o f  c h r o m o s o m a l  DNA.  
Noncoding  D N A  in m a m m a l s  is sufficiently orga- 
nized and  its organizat ion is now sufficiently rec- 
ognized to suggest its function. 
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