
Centric Heterochromatin and the Efficiency of 
Achiasmate Disjunction in Drosophila 

Female Meiosis 
Gary H. Karpen," Mong-Huong Le, Hiep Le 

The chromosomal requirements for achiasmate (nonexchange) homolog disjunction in 
Drosophila female meiosis I have been identified with the use of a series of molecularly 
defined minichromosome deletion derivatives. Efficient disjunction requires 1000 kilo- 
bases of overlap in the centric heterochrornatin and is not affected by homologous 
euchromatin or overall size differences. Disjunction efficiency decreases linearly as 
heterochromatic overlap is reduced from 1000 to 430 kilobases of overlap. Further 
obsewations,including rescue experiments with nod kinesin-like protein transgenes, 
demonstrate that heterochrornatin does not act solely to promote chromosome move- 
ment or spindle attachment. Thus, it is proposed that centric heterochrornatin contains 
multiple pairing elements that act additively to initiate or maintain the proper alignment 
of achiasmate chromosomes in meiosis I. How heterochromatin could act to promote 
chromosome pairing is discussed here. 

T h e  disjunctlon of homologous chromo- 
somes during meiosis I ensures that gametes 
and offspring contain the proper number and 
types of chromosomes. Errors in meiotic dis- 
junction are a majorbroblem in human pop- 
ulations (1). Meiotic disjunction requires 
multiple steps and mechanisms, including 
the initiation and maintenance of homolog 
associations in prophase, prometaphase, and 
metaphase (pairing) and the subsequent 
movement of homologous centromeres of 
each bivalent to opposite poles during an- 
aphase (segregation). In meiosis I ,  exchange 
between homologs is i~sually required to en- 
sure proper disjunction [reviewed in ( 2 ) ] ;  
however, in many organisms nonexchange 
(achiasmate) chromosome pairs disjoin nor- 
mally [reviewed in ( 3 ) ] .  In Drosophila fe- 
males, nonexchange chromosomes disjoin by 
means of a backup system originally called 
"distributive pairing" (4). A similar system 
acts during Saccharomyces cerevisiae meiosis, 
although in many details it differs mechanis- 
tically from that in Drosophila (5, 6). 

How do achiasmate chromosomes pair 
and segregate in Drosophila female meiosis? 

metaphase I plate. However, the molecular 
structures of the chromosomes used to assay 
disjunction in both studies could not be 
determined. Molecular-genetic dissection of 
the chromosomal regions involved in achi- 
asmate disjunction is required to directly 
address a number of important questions. 
For example, do specific regions of the 
chromosome act to promote meiotic dis- 
junction or is overall homology or size dif- 
ferential responsible? 
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Grell performed a series of pioneering ge- 
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netic studies (4) and concluded that chro- I - 290 0 k b  I CEN 1 +I000 

mosome size similarity is the basis for achi- 
asmate pairing and segregation. The recent 
studies by Hawley and colleagues (7) led to 
a different hvnothesis. that two achiasmate , L 
disjunction systems exist in Drosophila fe- 
males: a "homoloeous achiasmate svstem" 
that relies on heyerochromatic ho6010gy 
and a "heteroloeous svstem" that balances 
equal amounts "of chromatin across the 
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The Drosophila minichromosome Dp(1 ;f) 
1187 (Dp1187) has been a useful substrate 
for molecular-genetic dissections of meta- " 

zoan chromosome structure and function 
(8-10). For example, fill1 centromere func- 
tion requires a specific 420-kb region (1 1) of 
the 1000-kb centric heterochromatin (Fig. 
1A). Here, we investigated the chromosom- 
al elements responsible for achiasmate mei- 
otic disjunction in Drosophila females by 
monitoring the genetic disjunction behavior 
of two homologous minichromosomes of 
known molecular structure. 

Differentially marked full-length Dp1187 
minichromosomes were analyzed to deter- 
mine the baseline efficiencv of minichromo- 
some meiotic disjunction. Animals disomic 
for a y t  ry- (Dp1187) and a y ryt (y158) 
derivative (Fig. lA) ,  in addition to the nor- 
mal chromosome complement, were crossed 
to y-  ry- animals, and progeny counts were 
used to determine the percent nondisjunc- 
tion [ND, the frequency of the 0 Dp (y- 
ry-) and 2 Dp ( y +  ry+) nondisjunction 
progeny classes]. Only 5% nondisjunction of 
two Dp1187 minichromosomes was ob- 
served in females (Fig. lA) ,  compared to the 
50% value expected for random disjunction. 
In males, the same two Dp1187 minichro- 
mosomes segregated at random [47% ND 
(1 la)]. Thus, Dp1187 contains sequences 
sufficient to promote homolog disjunction 
in meiosis I in females but not in males (12). 

Dp1187 derivatives (rearranged mini- 

Fig. 1. Meiotic disjunct~on of Dp1187 minichromosomes in females. (A) Structurally altered minichro- 
mosome homologs can display abnormal disjunction. Dp1187 conta~ns euchromatin (solid Ilne) and 
subtelomeric heterochromatin (gray box); the 1 Mb of centric heterochromatin is shown as a box with a 
gray gradlent (0 to +I000 kb), and the location of the fully functional centromere (CEN) is shown. 
M~n~chromosomes (overall slzes Indicated in kilobases) are marked with the yellow' (y+) body color 
gene (open oval) or two rosy+ (ry+) eye color genes inserted by P element t~ansposition (dark gray 
circles) (58). y158 contalns a point mutation in the yellow gene 0-) (10, 59). The disjunctlon behavior of 
different minichromosomes was determined as described in the text and In (56). Nond~sjunction (ND) 
frequencies (reporied as % N D  -C SD) (57) that were not signlf~cantly different from control values 
(y 158/Dp1187) are shown in gray, whereas those that differed significantly from controls are shown in 
black (P < 0.05, t test) (57). (B) Size sim~larity does not ensure normal disjunction. The disjunction 
behav~or of Identical and same-slze partners was determined (60); numbers in black are s~gnificantly 
different from control values (y158/y 758). Comparison to the behav~or of the same chromosomes w~th 
structurally different derivat~ves [as shown in (A)] demonstrates that structural homology and organiza- 
tion are the primary determinants of disjunction efficiency, rather than size similarity. 
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chromosomes with molecularly defined in- 
versions or deletions) (10, 11) provide a 
powerful resource for mapping the chromo- 
somal elements responsible for homolog dis- 
junction during female meiosis and for test- 
ing the role of similar partner size in the 
achiasmate svstem (13). Animals disomic 
for differentLlly marked derivatives (y+ 
ry - and y - ry + ) were generated as before, 
then outcrossed to measure their disjunction 
efficiency. A number of inversion and dele- 
tion derivatives [y238 (1320 kb), y240 
(1 115 kb), and 7840 (1020 kb)] (Fig. 1A) 
segregated normally from full-length Dp1187 
partneri$1290 kb). Therefore, deleting up to 
270 kb of euchromatin and heterochromatin 
did not have a significant effect on disjunc- 
tion efficiency. In contrast, y 1230 (620 kb) 
displayed twofold higher nondisjunction 
from Dp1187 (1 1%) than the rate observed 
in controls (y158/Dp1187, 5%), 10B (720 
kb), and 3 1 E (1060 kb) nondisjoined in 25% 
of meioses, and J21A (580 kb) segregated 
very poorly from 31E (36% ND). We con- 
clude that large structural rearrangements 
can affect Dp1187 achiasmate disjunction 
dramatically and that the magnitude of the 
disjunction defect is positively correlated 
with the size of the deletion. 

The abnormal disjunction of structurally 
rearranged Dp1187 partners could be caused 
by size differences or by alteration of specific 
chromosomal regions required for pairing or 
subsequent segregation. The partners that 
displayed the most defective disjunction be- 
havior differed greatly in size (1290 versus 
620 kb for Dp1187/y 1230, and 1060 versus 
580 kb for 31ElJ21A) (Fig. 1A). If disjunc- 
tion of achiasmate chromosomes depends 
only on size similarity, as proposed by Grell 
(4), then abnormal disjunction should be 
rescued by placement of the smaller partner 
with a chromosome of similar size. Instead, 
we observed that y 1230/y 1230 disjunction 

(17% ND; Fig. 1B) was less than y1230/ 
Dp1187 disjunction (11% ND), and 10B/ 
10B disjunction (24% ND) was not signifi- 
cantly greater than that in 10B/31E (25% 
ND) (14). We conclude that the severely 
abnormal disjunctions of y 1230/Dp1187, 
10Bl31E and J21A131E are not caused bv 
the dissimilar sizes of the partners and tha; 
size similaritv is not an im~ortant determi- 
nant of Dp1187 achiasmate' disjunction. 

Does normal disjunction require that ge 
netic partners are homologous in chromo- 
some structure and composition? Our data 
(Fig. 1) suggest that at least two regions of 
Dp1187 heterochromatin (+I50 to +580 
and +580 to + 1000) must be nresent for 
proper pairing or segregation (15). Finer res- 
olution mapping of achiasmate disjunction 
elements was accomplished with analyses of 
the terminally deficient y ryt y238 deriva- 
tives (Fig. 2A) (1 I) ,  which represent a series 
of chromosomes that; differ onlv in the 
amount of centric heterochromatin shared 
with the common 31E partner (yt ry-). Ge- 
netic analyses of 7238 derivative disomes in- 
dicated that the efficiency of meiotic disjunc- 
tion depends directly on the amount of cen- 
tric heterochromatin overlap between part- 
ners (Fig. 2A). Roughly 1000 kb of centric 
heterochromatin overlap produced efficient 
disjunction (y238/31E, 6% ND), whereas less 
than 390 kb resulted in very poor disjunction 
( J21A131E. 36% ND). The correlation be- .?  
tween 'hete;ochromatic overlap and disjunc- 
tion efficiency was nearly linear from 430 to 
1000 kb of overlap (Fig. 2B, region 1). Below 
430 kb, the relation between overlap and 
disjunction efficiency is more complex (re- 
gions 2 and 3). Perhaps a threshold for dis- 
junction is reached between 390 and 430 kb 
of overlap (region 3) or this region of the 
minichromosome is particularly effective at 
promoting disjunction (see below). 

Surprisingly, euchromatin and subtelo- 
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Fig. 2. Achiasmate disjunction is correlated with the amount of centric heterochromatin overlap. (A) 
Disjunction analysis of a series of y238 derivatives. Fine-resolution mapping of disjunction elements was 
performed with the 7238 terminal deficiency derivatives shown. Numbers in black are sign~ficantly 
different from control values (y238/37E ). (B) Graph of heterochromatic overlap versus disjunction 
efficiency. For the 7238 derivatives shown in (A), the percent nondisjunctlon (ND) is plotted against the 
amount of centric heterochromatin over la^. 

meric heterochromatin are not substantial 
contributors to Dp1187 disjunction. 10B 
and 31E lack significant overlap in the eu- 
chromatin and subtelomeric heterochroma- 
tin and have onlv 430 kb of centric hetero- 
chromatin overlab (Fig. 1A). In comparison, 
1 OBI1 OB Dartners contain an additional 290 
kb of homologous euchromatin and subtelo- 
meric heterochromatin yet display no in- 
crease in disjunction efficiency (Fig. 1B). 
However, addition of a similar amount of 
homologous centric heterochromatin (270 
kb) decreased nondisjunction significantly 
(compare 30A/3 1 E to 1 OBI3 1 E) (Fig. 2A). 
We conclude that euchromatic and subtelo- 
meric regions have no significant effect on 
achiasmate disjunction of Dp1187 in female 
meiosis, in comparison to the major contri- 
bution of centric heterochromatin overlap. 
These results are consistent with the sugges- 
tion of Hawley et al. (7) that achiasmate 
disjunction of homologous chromosomes re- 
quires centric heterochromatin. 

Centric heterochromatin could promote 
meiosis I disjunction by initiating or main- 
taining chromosome pairing during pro- 
phase or metaphase, or by ensuring normal 
segregation during anaphase. Heterochro- 
matin clearly plays an important role in the 
physical movement of chromosomes in mi- 
tosis and meiosis. Centromeres are Dresent 
in heterochromatin and are required for 
kinetochore formation, sister chromatid co- 
hesion, attachment to the spindle, and 
chromosome movement (16). In addition, 
the NOD protein [a "chromokinesin" that 
binds DNA (1 7)] ensures normal transmis- 
sion and disjunction by interacting with 
euchromatic and heterochromatic regions 
that lie outside the centromere (18). NOD 
promotes chromosome segregation, most 
likely by providing an anti-poleward force 
necessary to maintain spindle-kinetochore 
interactions (1 7,  18). 

The sensitivity of Dp1187 deletion deriv- 
atives to nod gene dosage (18) suggests a 
plausible explanation for their nondisjunc- 
tion: deletion of minichromosomal nodf in- 
teraction regions could result in abnormal 
anaphase segregation, despite the presence of 
two normal copies of nodt. We tested this 
hypothesis by seeing whether extra copies of 
the nodt gene could rescue the abnormal 
disjunction of Dp1187 derivatives (Fig. 3). 
One or two extra copies of the transgene 
(T), in addition to the two endogenous cop- 
ies of nodt (E), had no significant effect on 
abnormal disjunction for any of the partners. 
For example, the poor disjunction of J21Al 
31E (2E+OT, 36%) remained high in 
2E+lT 134%) and 2E+2T (35%) combina- ~, . , 

tions (Fig. 3). The activity of this transgene 
was demonstrated ~reviouslv bv its abilitv to , , 

rescue 4th chromdsome disjunction defkcts 
in nodlnod homozygotes (19); in our studies, 
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the nod+ transgene was able to rescue J21A 
monosome transmission (2E+OT, 24%, ver- 
sus 2E+2T, 36%) (Fig. 3). Therefore, defec- 
tive Dp1187 disjunction is not caused by 
failures in nod-dependent segregation. 

Other observations argue persuasively 
against the hypothesis that Dp1187 centric 
heterochromatic deletions disrupt disjunc- 
tion only by interfering with chromosome 
movement and strongly support a role for 
heterochromatin in the physical pairing of 
homologs. First, meiotic disjunction and 
segregation require different amounts and 
reeions of the centric heterochromatin. The u 

presence of sequences sufficient to promote 
normal centromere function-specifically 
the 420 kb present in 10B and y1230 
(CEN; Fig. lA)-does not guarantee nor- 
mal disjunction. Normal meiotic pairing re- 
quires 1000 kb of heterochromatin, which 
includes extensive reeions that lie outside " 
the centromere. Second, abnormal chromo- 
some movement would cause chromosome 
loss in addition to pure nondisjunction, re- 
sulting in an overrepresentation of the nul- 
losomic (0 Dp) over the disomic (2 Dp) 
nondisjunction classes. In our studies, the 0 
Dp and 2 Dp classes were equally represent- 
ed, even when partners displayed high rates 
of nondisiunction (20). . , 

Independent cytological studies demon- 
strate that heterochromatic regions are 
physically associated during female meiosis. 
Electron microscopic analyses (21, 22) in- 
dicate that heterochromatic regions are 
paired during pachytene. Recent in situ hy- 
bridization studies of oocyte nuclei, using 
satellite DNA probes and highly sensitive 
fluorescence microscopy, demonstrate that 
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Fig. 3. Extra copies of the nod+ kinesin-like gene 
rescues unstable transmission but does not res- 
cue abnormal disjunction. Animals carrying two 
copies of the endogenous nod+ gene (E) and 
zero, one, or two copies of a nod+ transgene (T) 
were analyzed for J27A monosome transmission 
(bottom) and meiotic disjunction of the partners 
shown (top) (67). Two copies of the transgene 
raised J27A transmission significantly (36%, 
black), in comparison to controls (24%). In con- 
trast, abnormal meiotic disjunction of the partners 
shown was not rescued by having one or two 
additional copies of the nod+ transgene. 

heterochromatic regions of homologous 
achiasmate chromosomes are tightly associ- 
ated before segregation (23). Our molecu- 
lar-genetic analyses, combined with these 
cytological observations, strongly support 
the conclusion that centric heterochroma- 
tin ensures disjunction by mediating chro- 
mosome pairing. This pairing function is 
distinct from, and in addition to, the im- 
portant roles of centric heterochromatin in 
subsequent segregation. 

Heterochromatin is an enigmatic compo- 
nent of multicellular eukaryotic genomes; it 
is distineuishable from euchromatin because u 

it is sparsely populated with genes, inhibits 
the function of euchromatic genes (~osition- 
effect variegation), replicates late in the S 
phase, and is rich in tandemly repeated "sat- 
ellite" sequences (24, 25). What is the na- 
ture of the heterochromatic sequences that 
contribute to achiasmate pairing? The re- 
gions of Dp1187 that function in this process 
contain diverse seauence elements. includ- 
ing different satellite arrays and transposable 
elements (1 0, 26). Disjunction efficiency re- 
sponds linearly to small additions of this 
heterochromatin (region 1; Fig. 2B), which 
suggests that Dp1187 heterochromatin does 
not contain one or a few specific pairing 
sites. Rather, we conclude that centric het- 

Fig. 4. Meiotic pairing as an intrinsic property of 
heterochromatin. (A) Cross-homolog multimeriza- 
tion. Multimerization complexes that normally 
form within the heterochrornatin to promote intrin- 
sic heterochrornatic functions, such as sister 
chromatid cohesion, kinetochore formation, or 
chromatin structure, could also form between ho- 
mologs, providing both pairing specificity and di- 
rect physical contact in meiosis. Double bars rep- 
resent sister chromatids. (B) Heterochromatic 
landscape "fit." DNA and protein structures in- 
herent to heterochrornatin could produce a self- 
complementaly chromosome "landscape" (black 
background), which ensures partner recognition 
and alignment by a "best fit" mechanism. Double 
bars represent sister chromatids. 

erochromatin contains multiple pairing ele- 
ments that act additively to initiate or main- 
tain the proper alignment of achiasmate 
chromosomes early in meiosis I. 

Interestingly, partners with <430 kb of 
heterochromatic homology deviated from 
the linear response and displayed very low 
disjunction efficiencies (regions 2 and 3, 
Fig. 2B). This behavior is specifically asso- 
ciated with breakpoints in or near the min- 
imal functional centromere (1 1 ). Perhaps 
the macromolecular kinetochore structure 
or sister chromatid cohesion proteins asso- 
ciated with the centromere (16) interfere ~, 

with the ability of nearby heterochromatic 
regions to promote pairing (region 2), while 
still providing residual pairing activity that 
ensures some disjunction (region 3). 

There are at least three general molecular 
mechanisms that explain how multiple do- 
mains within heterochromatin might promote 
achiasmate meiotic pairing and homolog rec- 
ognition. First, achiasmate pairing could occur 
by means of a DNA homology search mech- 
anism. Heterochromatic homology could be 
determined by base pairing between potential 
partners, similar to recombination pairing 
(27-29). However, heterochrornatic regions 
display severely repressed reciprocal recombi- 
nation frequencies (30-32) and are likely ex- 
cluded from base pair homology searches. In 
addition, most heterochromatic repeats (sim- 
ple and complex satellites and transposable 
elements) are not specific to a particular chro- 
mosome (10, 33, 34); extensive regions 
(hundreds or thousands of kilobases) of 
identitv or near identitv between "nonho- 
mologous" chromosomes would likely con- 
fuse a general base pair homology search. 

Second, partner recognition and pairing 
could be mediated by special pairing pro- 
teins or complexes that interact with iden- 
tical sequences present on both homologs. 
In this model, homolog recognition would 
depend on the arrangement of heterochro- 
matic sequences and their corresponding 
pairing proteins (a combinatorial mecha- 
nism) to circumvent the problems posed by 
heterochromatic sequence identities pres- 
ent in "nonhomoloeous" Dartners. This 
model would be sup&rted dy the identifi- 
cation of genes and proteins that are specif- 
ic to and essential for achiasmate pairing. 

Third, pairing could be accomplished by 
intrinsic heterochromatic features or pro- 
teins that are not solely dedicated to mei- 
otic pairing. Multimeric complexes appear 
to participate in heterochromatin-induced 
position-effect variegation (gene silencing) 
in somatic cells [reviewed in (24, 25, 35)]. 
Cross-multimerization of such proteins, in 
this case between homologs, could be co- 
opted to promote physical associations dur- 
ing meiosis, and pairing specificity could be 
provided by the combinatorial action of 
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different complexes (Fig. 4A). Alternative- 
ly, a series of proteins that normally bind to 
heterochromatin, or higher order structures 
inherent to the DNA seauences, could cre- 
ate a "landscape" that facilitates homolog 
recognition by a "best fit" mechanism (Fig. 
4B). The sequence composition of centric 
heterochromatin [long stretches of satellite 
DNA broken up by complex DNAs, such as 
transposable elements (10, 33, 34)] lends 
itself to the creation of distinct and unusual 
higher order structures, such as DNA bend- 
ing (36, 37). 

The idea that intrinsic structural and 
functional oronerties of the heterochroma- 

L .  

tin probide the physical basis for pairing is 
attractive, because no novel comoonents or 
mechanisms are required and it readily ex- 
 lai ins whv heterochromatin, rather than 
euchromat'in, is used for achiasinate pairing. 
Furthermore, these types of heterochromat- 
ic interactions do not have to arise during 
meiosis; they could carry over from hetero- 
chromatic associations intrinsic to nremei- 
otic mitotic cells, visualized cytologically as 
somatic pairing (38, 39) and the Rabl ori- 
entation (40, 41). Both versions of this 
model oredict that abnormal achiasmate 
pairing would be caused by mutations in 
gene products that play general roles in 
heterochromatin metabolism or function, 
including kinetochore components ( 1  6), 
sister chromatid cohesion proteins (42, 43), 
and heterochromatic proteins involved in 
chromatin structure or position-effect var- 
iegation (25, 44, 45). These classes of pro- 
teins would not be expected to contribute 
to meiotic pairing in the DNA homology 
and specialized pairing protein models. 

The results presented here, combined 
with the recent studies of Dernbure e t  al. u 

(23), provide strong molecular-genetic and 
physical evidence that heterochromatin 
plays an important role in achiasinate mei- 
otic pairing in Drosophila females. Further 
investigations of the cis and trans compo- 
nents involved in achiasmate disiunction 
are necessary to test specific predictions of 
the models  resented here. Studies of the 
proteins involved directly in initiating or 
maintaining achiasmate pairing will deter- 
mine how heterochrornatin promotes ho- 
molog recognition at the molecular level 
and why centric heterochrornatin is respon- 
sible for this essential biological function. 
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Miocene Deposits in the 
Amazonian Foreland Basin 

I n  their report, Idatti E. Rasanen et al. state 
that there is a tidal origin for the sedimen- 
tary sequences they studied in the western 
Amazon region (1). Their interpretation of 
these sequences in Acre, Brazil, as tidal, on 
the basis of a relatively small data set, implies 
the existence of a marine connection be- 
tween the Caribbean Sea and the southern 
Atlantic Ocean. Background information 
and earlier work suggests that this conclusion 
is not the best explanation of the sediments 
in Acre. The sedimentary history and paleo- 
geography of this area are more complex 
than Rasanen et al. or S. David Webb, in his 
Perspective (2) ,  suggest. 

The  outcrops studied by Rasanen et al. 
represent a small (areal) part of the Mio- 
cene stratigraphic level. The Solimaes For- 
mation (also Pebas Formation), to which 
these sediments belong, crops out in a vast 
area of Brazilian, Peruvian, and Colombian 
Amazonia. This formation is up to 980 
meters thick and is part of the infill of 
several sedimentary basins. In the last 20 
years, extensive geological studies (3-10) 
have shown that the Solimaes Formation 
was mainly formed in a fluvio-lacustrine 
system of Andean origin, which was peri- 
odically affected by marine ingressions. This 
fluvio-lacustrine system originated during 
the Middle Miocene as a result of the uplift 
of the Eastern Cordillera, and was the an- 
cestor of the present Amazon River. Con- 
trary to what Webb suggests (2),  "substan- 
tial evidence" concerning the marine influ- 
ence during the Miocene in the area was 
published (7-10) before the Rasanen et al. 
report appeared. 

T h e  changes in drainage patterns 
caused by the genesis of the paleo-Ama- 
zon River svstem and the abortion of the 
previously existing east-to-west-directed 
fluvial system had a major influence on  
the development of the ecosystem, the 
sedimentary history, and the paleogeogra- 
phy of Amazonia (8-11). Subsequently, 
when establishing a paleogeographic mod- 
el for the Miocene historv of Amazonia. 
both the fluvial dynamics as well as the 
tidal influence and marine ingressions 
should be included. Therefore, Webb's 
c o n c e ~ t i o n  of an Amazon seawav as a 
cause b f  Amazonian floral and faunal di- 
versitv seems limited. 

Rasanen et al. consider two possible dep- 
ositional environments for the sediments 
they studied (p. 388), fluvial or tidal, and 
conclude that thev are tidal. However, in 
a tropical fluvial environment such as that 
in which the Solimaes Formation was de- 
posited, periodical flooding of the over- 
bank environment causes alternating mud 
and sand lenticles such as those described 
(1). Moreover, the north- to  southeast- 
directed ~aleocurrents  and the sediment 
composition of Andean origin coincide 
with the transDort direction and the sedi- 
ment composition reported for the paleo- 
Amazon River (9).  Furthermore, Rasanen . , 

et al. relate the timing of the presumed 
seaway to the Late Serravallian, which is 
Middle Miocene (12), and not to Late 
Miocene, as the title of their report sug- 
gests. The  base of the Late Miocene 
[-10.4 Ma (million years ago)] represents 
the largest drop in sea level in the entire 

data in Flg. 2A, because Independent analyses 
demonstrated that the SMI balancer ralses non- 
disjunction frequencies slgniflcantly. For the J21A 
monosome transmission tests, the 2E+OT class 
used In the transmlssion assay were produced by 
the cross y; ry; J21A, ryt females x y/Y; P(nod+)l 
Sp ; ry males. All test females were crossed and the 
results analyzed as described (56, 57). 
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Miocene; thus it is not likely that a marine 
ingression would occur. Moreover, during 
the Late Serravallian. the maximum sea 
level rise was estimakd at about 50 m, 
whereas at the base of the Serravallian 
(-14.2 Ma), the maximum sea level rise 
was estimated at  150 m (1 3 ) .  If there was 
a marine ingression it would be thus more 
understandable if it occurred in this inter- 
val. Indeed, there is evidence elsewhere in 
Amazonia (8-10) of a base Serravallian 
marine ingression, on  the basis of the pres- 
ence of marine fossils and palynomorphs 
(14). In addition to  this, the connection 
between the paleo-Amazon and the At -  
lantic was well established during the Late - 
Miocene. T h e  clastic sediments on  the 
Guvana shelf and in the Amazon cone are 
evidence of the Amazon-Atlantic connec- 
tion (15-17). Therefore, a Late Miocene 
marine connection between the Caribbe- 
an and the southern Atlantic at this same 
time is highly unlikely. 

The Late Miocene sediments studied by 
Rasanen et al. are most likely fluvial, not 
tidal, and were probably deposited by the 
ancestral Amazon River. There were ma- 
rine ingressions in Amazonia during the 
Early and Middle Miocene, but not in the 
Late Miocene. Moreover, during the Early 
and Middle Miocene, the connection be- 
tween Amazonia and the sea had a more 
modest character than the seaway postulat- 
ed by Rasanen et al. Their model might be 
applicable to  the Cretaceous (for which 
marine deposits are well known to exist in 
the eastern Andes and in the foreland ba- 
sins), but it is not suitable for the Miocene 
paleogeography. 
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