
that it caused de~olarization of somatotro- 
phs, whereas somatostatin caused hyperpo- 
larization. The specificity of L-692,429 has 
been evaluated in more than 50 receptor 
binding assays and more than 20 functional 
assays in which known ligands stimulate a 
biochemical or biological response. With 
the exception of weak angiotensin I1 recep- 
tor binding (concentration required for 50% 
inhibition was 6 pM), L-692,429 is inactive 
at < 10 pM. 

Selective nonpeptidyl kappa receptor 
agonists are known (22), although few oth- 
er examples of potent and specific nonpep- 
tidy1 mimetic agonists and antagonists of 
peptide ligands exist (23). Structural mod- 
ifications of L-692,429 and establishment of 
a structure-activity relationship as agonists 
or antagonists provide new and important 
clues to the design of nonpeptidyl mimics of 
peptides. By the substitution of pharma- 
cophores, structural elements that elicit 
bioactivity, small molecules can be tailored 
to fit the receptor sites of other peptides. 
The advantage of such mimetics is that 
their structures can be readilv modified 
either subtly or dramatically to provide the 
structural diversity necessary to optimize 
molecules suitable as oral drugs. 
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Unidirectional Spread of Secondary Sexual 
Plumage Traits Across an Avian Hybrid Zone 

Thomas J. Parsons,*? Storrs L. Olson, Michael J. Braun 
Theory predicts that traits under positive selection can rapidly cross a hybrid zone in spite 
of a substantial barrier to neutral gene flow between hybridizing taxa. An avian hybrid zone 
between Manacus candei (white-collared manakin) and M. vitellinus (golden-collared 
manakin) is reported here that displays an unusual pattern of noncoincident clines. Male 
secondary sexual traits of M. vitellinus have spread into populations that are genetically 
and morphometrically like M, candei. These birds have a lek breeding system in which male 
mating success is highly skewed, suggesting that sexual selection is driving male sexual 
traits across the zone. 

Hybrid zones provide insight into evolu- 
tionary forces that subdivide populations 
and species and influence the spread of 
alternative adaptations (1) .  The tension 
zone model proposes that stability of narrow 
hvbrid zones is maintained through a bal- " 
ante between selection against hybrids and 
dispersal of parental types across range 
boundaries (2). Selection may act against 
hybrid individuals because they have disad- 
vantageous combinations of coadapted gene 
complexes from each parental taxon (1, 3). 
Such selection could create a barrier to 
gene flow for neutral alleles linked to neg- 
ativelv selected loci and ~roduce the com- 
monly observed pattern of narrow, concor- 
dant shifts in diaenostic characters across - 
hybrid zones. However, mathematical mod- 
els oredict that alleles under oositive selec- 
tion can spread rapidly across hybrid zones 
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(4). Thus, hybrid zones may serve as evo- 
lutionary conduits between locally adapted 
populations, through which generally ad- 
vantageous traits can spread despite a bar- 
rier to overall gene flow across the zone. 

Birds in the genus Manacus are small, 
frugivorous inhabitants of lowland tropical 
rainforest from Mexico to Argentina. High- 
ly sexually dimorphic, they have a lek 
breeding system in which the brightly col- 
ored males display at court assemblages 
nearly year round. The olive-colored fe- 
males visit a lek to select a mate, then take 
sole responsibility for nesting and raising 
the young. Males compete for females by 
performing courtship displays. Female mate 
choice is nonrandom, few males receiving 
most of all copulations (5). 

Males of Manacus have a black caD 
contrasting with a bright collar, throat, and 
feather beard. The s~ecies differ most obvi- 
ously in the color oi the throat, collar, and 
underparts. Male courtship display accentu- 
ates the contrast between the cap and collar 
by thrusting of the head and neck forward 
and extending of the beard. 

When surveyed in Bocas del Toro Prov- 
ince, Panama (6), white-collared birds typ- 
ical of M .  candei were found'only in north- 
western Bocas del Toro at localities 2 and 3 
(Fig. 1). Near locality 3, the Rio Teribe 
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flows into the Rio Changuinola, which 
forms a substantial discontinuity in the forest 
habitat. At locality 4, we found only golden- 
collared birds, similar to birds designated as 
M. vitellinus cerritus (7) .  At localities 8 and 
9, we found M. vitellinus vitellinus, whose 
range continues eastward throughout Pana- 
ma. Birds from localities 4 through 7 show 
plumage characteristics that are both inter- 
mediate between those of M .  candei and M .  
v. vitellinus and markedly variable. No pure 
specimens of these taxa were found in this 
region (Fig. 2 and Table 1). 

Males of M .  w.  vitellinus have a narrow 
orange-eolden collar and throat. a small 

u - 
patch of yellow on the bend of the wing, 
and olive-green underparts. Males of M .  
candei have a broad white collar and throat, 
an extensive white patch on the bend of the 
wing, and bright yellow underparts. Males 
of M. v. cerritus have plumage characteris- 
tics intermediate between those of M .  can- 
del and M .  v.  vltellinus, with an intermedi- 
ate-width. lemon-vellow collar. intermedi- 
ate-sized wing patch, and yellow-green un- 
derparts. In addition to being variable, 
birds from localities 4 through 7 show clinal 
patterns, on average, for three male plum- 
age traits (throat color, collar width, and 
color of underparts) (Fig. 2 and Table 1). 
Birds from localities 4 through 7 become 
more similar to M .  w.  vitellinus as one 
approaches locality 8, where phenotypically 
pure M .  w.  vitellinus is found. The interme- 
diacv. variabilitv. and clinal variation of , . , . 
male plumage traits of birds from localities 4 
through 7 are indicative of introgressive 
hybridization between M. candei and M .  v.  
vitellinus (8). 

Further evidence for hybridization be- 
tween M .  candei and M .  vitellinus was ob- 
tained from an analysis of mitochondria1 
DNA (mtDNA) restriction fragment 
length polymorphisms (RFLPs) . Restriction 
fragment patterns diagnostic of M. candei 
(locality 1) and M. vitellinus (locality 10) 

were found with 6 of 13 enzymes tested (9). 
The "candei" mtDNA haolotv~e was found 
in all M. candei, which Lave ;bite collars, 
and in all birds from localities 4 through 7 ,  
which have golden collars (Fig. 2 and Table 
2) (10). The M .  v.  witellinus-like birds 
sampled at localities 8 through 10 had 
primarily the "vitellinus" haplotype, al- 
though evidence of introgression was seen: 
1 of 20 birds from locality 8 and 2 of 20 
from locality 9 had the candei haplotype. A 
discrete break in haplotype frequencies oc- 
curs between localities 7 and 8, which does 
not coincide with the shift from white- to 
golden-collared traits at the Rio Chan- 
guinola between localities 3 and 4. 

The lack of concordance between the 
clines for plumage color traits and mtDNA 
haplotype may be due to differential intro- 
gression of either the M .  candei mtDNA 
haplotype (1 1) or the M. vitellinus male 
plumage traits. Differential introgression of 
the male plumage traits may be driven by 
intense sexual selection at Manacus leks. 

To examine these possibilities, we mea- 
sured eight morphometric characters from 

birds across the region. Two of these, tail 
length and beard length, distinguished the 
parental populations (12). Both characters 
shift between localities 7 and 8, matching 
the shift of mtDNA haplotype but not the 
shift from white to golden collars that 
occurs between localities 3 and 4 (Fig. 2 
and Table 1). 

Inde~endent RFLPs were obtained with 
random nuclear DNA probes. Two enzyme- 
probe combinations distinguished the pa- 
rental populations (1 3). The M. vitellinus 
parental sample was fixed for the "uitellinus" 
allele in both markers, but the M .  candei 
parental sample had a "candei" allele fre- 
quency of 92% for both markers. Shifts in 
allele frequency of both nuclear DNA 
markers coincide with the shifts of mtDNA 
haplotype and morphometric markers, with 
an abrupt break between localities 7 and 8 
(Fig. 2). Manacus candei alleles were found 
in a few birds from localities 8 and 9, 
confirming hybridization and limited east- 
ward introgression of these .characters. 

The abrupt shifts in mtDNA haplotype, 
two morphometric markers, and two ran- 

Fig. 1. Distribution of 
Manacus and sampling 
local~ties on the main- 
land of Bocas del Toro 
Province, Panama. (In- 
set) Isthmus of Pana- 
ma, showing region of 
the expanded map 
Hatched regions, rang- 
es of three Manacus 
forms with distributions 
restricted to a narrow 
strip of lowland forest 
along the coast. Ques- 
t~on marks, lowland ar- 
eas where s~ecimens 

M. K cerritus-like 

RRR 

of Manacus 'have not 
been obtained. Localities: 1 ,  Guapiles, Costa Rica (140 km northwest of mapped region); 2, Rio 
Sixaola; 3, Rio Tenbe; 4, Rio Changuinola; 5,  Rio Oeste; 6,  Quebrada Pastores, 7, Tierra Oscura; 8 ,  
Chiriqui Grande; 9, Valiente Peninsula; and 10, Panama Canal (250 km east of mapped region). 

Table 1. Sample slze (n), population mean (R), and SD for male Study skins from locallties 2  through 10 were prepared by Smithsonian 
morphological characters across the region. Locality numbers are as in expedition members in a consistent style. Collar width data from locality 1  
Fig 1. Color indices are as described in (20). Sample sizes differ among are not included because these specimens (from a 1920s collection in the 
characters depending on the type of specimen preparation. (***) Collar Carnegie Museum of Natural History) were prepared in a more compact 
width measurements are affected by the style of study skin preparation. style. 

1  2  3  4  5  6  7  8  9  10 
Local~ty 

n X S D n R  S D n  R S D n  X S D n  X S D n X  S D n  X S D n  X S D n R  S D n  X SD 

Beard 19 1.17 0.07 3  1.21 0.03 9  1.18 0.08 9  1.20 0.08 16 1.18 0.12 5  1.22 0.02 11 1.19 0.16 11 1.60 0.16 5  1.64 0.19 20 1.66 0.15 
length 
(cm) 

Taillength 1 9 3 . 4 2 0 . 0 8 3  3.440.12 173.41 0.09 1 3 3 . 4 4 0 1 1  1 6 3 . 4 7 0 . 1 3 5  3.440.06 11 3390 .16  11 2 . 8 4 0 . 1 3 5 2 . 8 8 0 . 0 8 2 0 2 . 8 4 0 . 0 8  
(cm) 

Throatcolor 1 9 6 . 0  0 . 0 0 3 6 . 0  0.00 1 7 6 . 0  0.00 9 4 . 1  0.53 1 6 3 . 9  0 . 6 6 5 3 . 5  0.50 11 3.2 0.68 11 2.2 0 . 6 0 5  1.9 0 7 4 2 0  1.4 0 4 3  
Underparts 1 9 5 . 0  0 . 0 0 3 5 . 0  0 . 0 0 1 7 5 . 0  0.00 9 3 . 9  0 .85163 .1  0 . 8 9 5 2 2  0 . 5 7 1 1 1 . 8  0 .60111 .1  0 . 0 9 5 1 . 0  0 0 0 2 0 1 . 0  0 0 3  

color 
Collarwidth *** 3 2 . 4 0 . 2 3 1 7 2 . 4 0 . 2 4 1 3 2 . 2 0 . 2 9 1 6 2 . 0 0 . 2 5 5 1 9 0 . 4 3 1 1 1 . 6 0 . 3 9 1 1 0 . 9 0 . 1 8 5 0 . 9 0 . 4 0 2 0 0 . 7 0 1 8  

(cm) 
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Table 2. Sample size (n) and allele or haplotype frequency ( f )  for candei Sample sizes are larger than for morphological data (Table 1) owing to the 
genetic markers across the region. Locality numbers are as in Fig. 1. inclusion of data from female and immature-plumaged birds. 

1 2 3 4 5 6 7 8 9 10 
Locallty - - 

n f n f n f n f n f n f n f n f n f n f  

dom nuclear DNA markers indicate that a 
barrier to gene flow exists between localities 
7 and 8. Birds sampled from localities 4 
through 7 are genetically and morphomet- 
rically indistinguishable from M. candei 
(1 4), although their plumage characteris- 
tics resulted in their classification as a sub- 
species of M. witellinus. Alleles for golden- 
collared plumage characteristics apparently 
have introgressed some 40 k m  to  the west of 
the barrier between localities 7 and 8, 
ending at the Rio Changuinola (1 5). 

Mat ing success at Manacus leks i s  highly 
skewed: In one lek of twenty males, one 

male received 73% o f  al l  observed copula- 
tions, and this male and five others received 
95% of al l  observed copulations (1 6). W e  
hypothesize that such a strong mating bias 
i s  driving the unidirectional introgression of 
golden-collared plumage traits across the 
hybrid zone (1 7, 18). Introgression o f  only 
part o f  the genome might have occurred 
because most hybrid genotypes are selected 
against, and alleles for positively selected 
plumage traits have spread after recombin- 
ing in to a candei genetic background. 

Our data reflect a single point in time; 
the boundary between white and golden 

Fig. 2. Population means 
and allele or haplotype fre- 
quencles of diagnostic 
characters across the 
zone; x axis, distance 
along a northwest to 
southeast line. Localities 
are as in Fig. 1. Localities 
1 and 10 lie off the scale. 
Distance to locality 9 is 
measured to the base of 
the Valiente Peninsula. 
Owing to small sample 

A ?  
Locality 

1 3 4 5 6  7 8 9 10 

size at locallty 2, these 
birds are meraed with B 
those of locality ;to repre- 
sent all M, candei birds 
from Panama (Tables 1 
and 2) All birds in the 
shaded portion of the 
graph have white collars 
typical of M. candei, 
whereas all birds in the 
unshaded portion have 
golden collars. The shift 
from white to golden col- 
lars occurs at least 40 km 
west of the shift in genetic 
markers (B) and the shift 
in morphometric markers 
(C). Error bars are stan- 
dard errors; standard de- 
viations are given in Table 
1. (A) Cllnes for male 
plumage characters. Left- 
outside y axis (in centime- 
ters), collar width; left-in- 
side v axis, under~arts in- 

Distance (krn) 

dex score; and rig'ht-outside y axis, throat color index score (2q. Standard error bars for underparts are 
centered on the data point, those for collar wldth are displaced to the left, and those for throat color are 
displaced to the right. (B) Clines for three genetic markers. Standard error bars for pSCN3 are centered, 
those for mtDNA are displaced to the left, and those for A5 are displaced to the right. (C) Clines for 
morphometric markers. 

collars may yet be moving westward (1 9). 
The data suggest that positive sexual selec- 
t i on  i s  driving reproductively advantageous 
traits across a barrier to gene flow in these 
natural populations. 
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plumage color traits This suggests that selection 
for golden collars can predominate over any 
selection that may be occurring on beard length, 
and that the gene (or genes) for beard length are 
not closely ihnked to those for plumage color. 
Alternatively, the lack of introgression may be due 
to tight llnkage of beard length to loci with alleles 
that are negat~vely selected in hybrids. 

19. That introgression of golden collars stops at the 
Rio Changuinola may be a coincidence or may 
indicate that the river creates a dispersal barrier 
over which golden-collared traits have not 
crossed. Genetic d~fferentiation across w ~ d e  rivers 
in South America has been documented in other 
manakins [A. P Capparella, Acta XIX Congressus 
Internationalis Ornithologici 2, 1658 (1 988)] 

20. Collarw~dth was measured directiy. Yellowness of 
underparts was ranked on a scale from 1 to 5 w~th 

reference specimens selected to define the inte- 
ger points of the scale: a score of 5.0 was defined 
by an M. candei speclmen with uniform yellow 
underparts, 1.0 by an M. vitellinus specimen with 
gray-green underparts (reference series United 
States Natlonal Museum (USNM) accession num- 
bers 5 0, 608192, 4.0, 608168, 3.0, 6081 86; 2.0, 
606944, 1.0, 13636). Throat color was ranked 
similarly; the white throats of M, candei were 
assigned a score of 6 0, 5 0 was defined by a 
locality 3 bird with a lemon-yellow throat, and 1 0 
by a locality 10 b ~ r d  with a golden-orange throat 
(reference series USNM accession numbers: 6.0, 
608192; 5.0, 608158; 4.0, 608167; 3.0, 606915; 
2 0, 6081 46; 1 .O, 6081 36). 
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Morton, M. Varn, and D A. Wiedenfeld for assis- 
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Bermingham, G. Maggiori, M. Morello, and staff 
members of the Smithsonian Tropical Research 

lnstitute for logistical support in Panama: the 
Chiriqu~ Land Company (C. Forsythe and M 
Smith), Petroterminal de Panama (C. Jurado), and 
L. Paget (Botel Tomas) for assistance in Bocas 
del Toro, R. M. Zink and S. J. Hackett for samples 
from Costa Rica; K. C Parkes and R. Panza for 
samples from the Carnegie Museum of Natural 
History, M. K. Choo for technical assistance: A. 
Graybeal, G. R. Graves, R. G. Harrison, J. Mar- 
iaux, W. K. Moore, E. D. Sattler, J. F. Smith, D. L 
Swofford, and E. A. Zimmer for comments; and J. 
D. Felley and R. W. Jernigan for assistance with 
statistics and data analysis. Research, collection, 
and export permits were granted by INRENARE, 
Republic of Panama. Supported by the Smithson- 
ian lnstitution Research Opportunit~es Fund, the 
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Evidence of DNA Bending in Transcription 
Complexes Imaged by Scanning Force Microscopy 

William A. Rees, Rebecca W. Keller,* James P. Vesenka,? 
Guoliang Yang, Carlos Bustamantef 

Complexes of Escherichia coli RNA polymerase with DNA containing the X P, promoter 
have been deposited on mica and imaged in air with a scanning force microscope. The 
topographic images reveal the gross spatial relations of the polymerase relative to the DNA 
template. The DNA appears bent in open promoter complexes containing RNA polymerase 
bound to the promoter and appears more severely bent in elongation complexes in which 
RNA polymerase has synthesized a 15-nucleotide transcript. This difference could be 
related to the conformational changes that accompany the maturation of open promoter 
complexes into elongation complexes and suggests that formation of the elongation com- 
plex involves a considerable modification of the spatial relations between the polymerase 
and the DNA template. 

Scanning force microscopy (SFM) has 
been used to generate high-resolution im- 
ages of nucleic acids (1-7) and proteins (8, 
9). Some of these images were obtained 
under conditions that preserve the state of 
hydration of the macromolecules, which 
suggests that SFM could be a powerful tool 
for investigation of the structure of complex 
macromolecular assemblies in their native 
conformation (1 0). This report describes 
the homogeneous deposition and reliable 
imaging of complexes of E. coli RNA poly- 
merase and a DNA fragment containing the 
A P, promoter. In particular, we investigat- 
ed the spatial relations between the RNA 
polymerase and the DNA template in open 
promoter complexes (OPCs) and in stable 
elongation complexes with a nascent 15- 
nucleotide transcript (C15 complexes). 

Transcription complexes were prepared 
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by a modification of the method of Levin et 
al. ( I  I )  and made use of a 681-base pair 
(bp) DNA fragment as the template (12). 
Complexes were imaged at low humidity in 
air with a Nanoscope I1 SFM (Digital In- 
struments) with tips that were modified 
with an electron beam (1,  2, 13). Samples 
were prepared in a low-salt buffer contain- 
ing 5 mM MgClz and deposited onto freshly 
cleaved, previously unmodified mica. The 
remainder of the deposition procedure was 
based on a previously published method 
( I ) .  Images were obtained within 30 min of 
sample preparation. 

Unbound DNA, unbound RNA polymer- 
ase, and RNA polymerase-DNA complexes 
can be seen against a relatively flat back- 
ground in representative fields of complexes 
(Fig. 1). The DNA templates with RNA- 
polymerase located about four-ninths of the 
distance from one end (at the X PL promoter) 
were identified as complexes. In images of 
individual OPCs (Fig. 2A) and C15 complex- 
es (Fig. 2B), the RNA polymerase appears as 
a slightly asymmetric structui.e sitting astride 
the template with the flanking arms of the 
DNA meeting underneath the polymerase. 


