
more reactive than duplex DNA. Possibly 
the -12-bp hybrid does exist but has a 
structure sufficiently different from extended 
hybrids that its DNA component is more 
reactive than a strand of DNA in a duplex. 
Alternatively, the -12-bp hybrid might be 
in equilibrium with free RNA and DNA and 
thus somewhat open to both nuclease and 
KMnO, attack. 
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Mechanism of Transduction by Retrovhyses 

Retroviruses can capture cellular sequences and express them as oncogenes. Capture 
has been proposed to be a consequence of the ine5ciency of polyadenylation of the 
viral genome that allows the packaging of cellular sequences flanking the integrated 
provirus in virions; after transfer into virions, these sequences could be incorporated 
into the viral genome by illegitimate recombination during reverse transcription. As a 
test for this hypothesis, a tissue culture system was developed that mimics the 
transduction process and allows the analysis and quantitation of capture events in a 
single step. In this model, transduction of sequences adjacent to a provirus depends on 
the formation of readthrough transcripts and their transmission in virions and leads to 
various recombinant structures whose formation is independent of sequence similarity 
at the crossover site. Thus, all events in the transduction process can be attributed to 
the action of reverse transcriptase on readthrough transcripts without involving 
deletions of cellular DNA. 

R ETROVIRUSES HAVE BEEN STUDLED 

for their ability to acquire and ex- 
press cellular sequences as onco- 

genes (1, 2). However, the mechanism by 
which these viruses incorporate cellular 
genes into their genome is still undefined. 
Transduction of oncogenes is thought to 
proceed from a provirus integrated within 
or near a proto-oncogene (3-5). Joining of 
cell and viral sequences can proceed by 
deletions that remove portions of viral and 
cellular sequences (4) or by formation of 
joint "readthrough" transcripts (5). Illegiti- 
mate recombination of the packaged hybrid 
transcripts during reverse transcription will 
incorporate proto-oncogene sequences into 
the provirus (Fig. 1). 

That readthrough transcripts could be 
intermediates in transduction is implied by 
the observation that cleavage and polyade- 
nylation of viral transcripts in the 3' long 
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terminal repeat (LTR) of avian leukosis 
virus is inefficient (6). A significant portion 
(about 15%) of viral transcripts from infect- 
ed cells contain neighboring cell sequences, 
are packaged efficiently, and can serve as 
templates for reverse transcription. Indeed, a 
mutation inactivating the polyadenylation 
signal of Row-associated virus (RAV-1) 
does not greatly affect viral replication. Most 
such mutant viral genomes have cellular 
sequences appended to their 3' ends, but 
these sequences are usually lost during re- 
verse transcription (7). 

To test the role of readthrough transcripts 
in the transduction of cellular sequences, we 
constructed a model resembling a provirus 
integrated upstream of a proto-oncogene 
and introduced it into cells in culture. The 
SV-neo cassette (8), containing the selectable 
neo marker, flanked by DNA containing 
promoter and polyadenylation signals from 
SV40, was placed downstream of an RAV-1 
provirus with a mutation in the polyadenyl- 
ation signal (7) (Fig. 2A). QT35 cells [a 
transformed quail cell line (9 ) ]  were trans- 
fected with this DNA, and neo-expressing 
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Fig. 1. Models for transduction of on- 
cogenes, showing postulated events in 
the creation of viral oncogenes (3-5). 
The necessary steps are: (i) Integration 
of a provirus within a proto-oncogene, 
shown as a series of exons (hatched 
boxes) and introns (lines). (ii) The 
models differ at this step. A DNA 
deletion that would eliminate the 3' 
LTR (4) would give rise to transcripts 
containing both viral (black line) and 
cellular (hatched box to indicate that 
the introns have been spliced out) se- 
quences. Indcient polyadenylation 
would give rise to readthrough tran- 
scripts containing both viral and cellu- 
lar sequences (5). (iii) The hybrid tran- 
scripts would then be packaged into 
virions along with wild-type RNA's. 

gag pol env 
A 

clones were selected for their resistance to 
the antibiotic G418. Analysis of DNA from 
the cell clone (M7) chosen for study showed 
that one or two unrearranged copies of the 
structure introduced were present. RNA 
analysis showed that readthrough RNA was 
made as a 10-kb transcript and packaged 
into virions (Fig. 2B, lanes 3 and 7). As was 
expected for this mutant virus (7), uan- 
scripts that were polyadenylated in the LTR 
(a 7.6-kb RNA) could not be detected in the 

Creation of 
readthrough 
transcripts 

Packaging into virions + 

J 
illegitimate recombination during reverse transcription 

infected cells or in the virions. Several other 
neo-containing RNA's (probably splicing 
variants) were observed in the cells but were + v-onc 
not packaged (lane 2). In addition to these, 
we dso observed a small transcript that did 
not contain neo sequences and was packaged 
efficiently (lane 7) but seemed unimportant 

(iv) IUegitimite recombina&n during reverse transcription would give rise to proviruses that contained 
cellular sequences. (v) Additional rearrangements and point mutations during several rounds of 
replication would enhance the transforming phenotype of the transduced oncogene. 

to the &sduction process (10). 
- 

To test whether readthrough transcripts 
could be rearranged to incorporate flanking 
sequences during reverse transcription, fil- 
tered medium containing virions produced 
by the M7 cell clone was used to infect 

Fig. 2. Experimental ap- 
proach. (A) The DNA was 
derived from a molecular 
clone of RAV-1 (19) with 
either the wild-type 
(AAUAAA) or mutant 
(AAGGAA) polyadenyla- 
tion signal in the LTRs (7) 
and from pSV2neo (8). The 
Acc I to Eco mfragment of 
pSV2neo was introduced at 
the Bst EII site downstream 
of the LTR (position 103 in 
Pr-RSV-C sequence) (20). 
The fragment containing 
the provirus and pSV2neo 
sequences was introduced 
into pBR322 at the Eco RV 
and Pvu I1 sites. This DNA 
was linearized at the onlv 

A VIRAL POLVIA )SIGNAL 

-11 
1 

pBR322 LTR R A v w s V 4 0  M O  SVU)poly(A) 
\ promoter gene signal 

lsoiaiion and 
axpansion of 
drug resistant filtering of vidon 

Growth In containlng media 
G418 

Infection . .  . and drug 
CLONAL selection 

~ ~ 3 5  cells, and neo-expressing colonies 
were selected. Two weeks later, 10 to 80 
resistant clones per plate were observed. 
Some of these clones were isolated, and cells 
were grown to serve as a source of DNA. 
Analysis of the DNA &er it was digested 
with appropriate restriction enzymes 
showed that each clone vielded a distinct 
fragment with both neo and viral sequences 
and thus contained a single and different 
rearranged provirus. Thus, we were able to 

Isolation and 
expansion/ &-7 

Isolation of DNA and 
RNA for analysls lndivldual reorranged 

cell clones 
select for- the rare cases where the neo se- 
quences were incorporated into the provirus 
in an organization appropriate for their Cla I site in the p ~ ~ 3 2 2  B sequence before transfec- 

tion. The QT35 cells (9) 
were transfected by incuba- 
tion for 6 hours with 1 to 3 
mg of DNA and Polybrene 
at 30 mg/ml, and then by 
treaanent with DMSO (21). 
After 2 days, G418 was add- 
ed, at 300 mglml, to the 
medium and colonies were 
picked 2 weeks later. Cell 
clones were expanded, su- 
pernatants were collected as 

expression. 
Since initial analyses of the proviral DNA 

implied that a rearrangement of viral and neo 
sequences had occurred in each clone, we 
used a strategy involving PCR (polymerase 
chain reaction) amplification to isolate and 
sequence junctions between viral and neo 
sequences from the DNA of several of these 
clones (Fig. 3). The data revealed several 
properties of the rearranged sequences. 

1) The structures observed contained neo- 
and SV40-related sequences flanked by dif- 
ferent portions of viral sequences, resem- 

LTR probe neo  robe 
a source of virion particles, 
and cell DNA was prepared 
(7). To remove remaining 

Viral RNA 

WT fI+II--Ul- 
cells, the supernatants were 
either filtered or cenaifuged 

bling bncogene-containing viruses (Fig. 
4A). In two cases, clones 18 and 42, a long 
stretch of A's was found at the junction 

and then incubated with rresh QT35 cells and Polybrene at 15 mglml for 40 minutes. Colonies resistant 
to G418 were again selected and used as a source of DNA for analyses of rearranged viral structures. 
(B) RNA was isolated, subjected to electrophoresis in formaldehyde agarose gels, and analyzed by 
hybridization (Northern) (7). The RNA's analyzed were poly(A)-containing RNA from the M7 cell 
clone (lanes 2 and 6), virion RNA from virions produced by M7 (lanes 3 and 7), and total cellular RNA 
from a nonclonal population of turkey cells infected with wild-type RAV-1 virus (lanes 1 and 5) and 
with the Prague C strain of Rous sarcoma virus (lanes 4 and 8). The RNA-containing filter was first 
hybridized to an antisense 32P-labeled RNA probe containing the neo gene (Hind I11 to Sma I fragment 
of pSV2neo) (neo probe). The probe was removed at 80°C (1 hour), and the filter was then hybridized 
to an RNA probe containing the LTR and 5' viral sequences up to the Sac I site (nt 255) (LTR probe). 
A representation of the structures of viral wild-type (WT) and readthrough (RT) transcripts is shown. 
The small transcript indicated by a star was determined from the sequence of a PCR product obtained 
by "rapid amplification of cDNA endsn (22). With the use of a hybrid dT-adapter primer, cDNA was 
made from virions and amplified by an LTR and an adapter primer. 

between parental sequences (Fig. 3B). As is 
the case for some fps (11) and erb B (12) 
oncogene transductions, recombination oc- 
curred in the polyadenylate [poly(A)] tail of 
the transduced neo gene and in different 
regyons of the virus for both clones. As with 
oncogenes, an intron present in the SV40 
sequences was spliced out from the two 
rearranged clones that were analyzed (clones 
32 and 42). 

SCIENCE, VOL. 255 



A B LEFT JUNCTION R l G M  JUNCTION 
Orlglnal clone 

US I981 8m 168401 
LTR LTR TCGCWLGGAATATYUUVVLTTAC-TT 

PCRprlmenr + 4 4 4 t + 
Rearranaed clones 

Fig. 3. Characteristics of rearranged provimes. DNA from eight rearranged 
G418-resistant clones, obtained as described in the legend of Fig. 2, was 
prepared and analyzed by restriction mapping and PCR analysis. (A) 
Representation of the structures inferred for different clones. In the rear- 
ranged structures the thick line represents sequences derived from pSV2neo 
and the thin lines those derived from the provirus. The jagged line indicates 
areas of the rearranged provim that were not defined. The three A's indicate 
crossing over in the poly(A) tail at the 3' end of the processed transcript. The 
arrows within viral and neo lines in clones 39 and 14 indicate the relative 
orientation of the sequence. All other structures contain sequences in a 5' to 
3' orientation for both virus and neo. (6) Sequences at the junction between 
the virus and neo at the 5' end (left) and the 3' end (right) of the neo 
sequences. These sequences were obtained by dideoxy sequencing from M13 
clones of the fragments amplified by PCR with both neo- and viral-specific 
primers shown by the small arrows in (A). For all these sequences the 
appropriate viral sequences are shown above and the neo-related sequences 
are below the rearranged sequences. At each recombination site is shown the 

2) Analysis of the junctions between virus 
and neo-derived sequences (Fig. 3B) showed 
that little sequence identity (six or fewer 
common nucleotides) was needed for the 
recombination event to occur. In fact, in 
two cases (clones 21 and 32) no common 
bases at the site of the junction were ob- 
served, despite the presence of a four-base 
stretch of identical sequences adjacent to the 
crossover point in clone 21. Recombinatory 
junctions for known viral oncogenes are 
k u d y  devoid of long stretches of homolo- 
gous sequence (Z), although junctions of 
some oncogenes, such as ski (13), are de- 
rived from short regions of shared sequences 
between virus and proto-oncogene. 

3) Neighboring consensus sequences 
were not immediately apparent in these 
clones. Stretches that had been identified in 
the transduction of oncogenes by feline leu- 
kemia virus were seen but without any strik- 
ing frequency (14). In 3 cases out of 11, the 
consensus ACCCC was observed (Fig. 3B) 
close to the junction between neo and viral 
sequences. The sequence GAGG or CCTC 
(Fig. 3B) was found four times near the left 
junction and CTCCTC was not found in 
any instance at the right junction. 

4) Insertion of sequences at the junction 
between virus and neo genes was found in 
two cases, at the right junctions. Clone 21 
had an additional C in a succession of C's, 
and clone 49 showed an insert of 16 bases 
identical in sequence to a region in the pol 
gene. These structures are consistent with a 
broad spectrum of mutations and rearrange- 

"a,*-, - .--- . 
CTGACGACTACGAGCACATGCATGAAGCA WRAL AGAGCTGATGTTCACTTACTCGAGCAGCCGGG 

42 ATTTTTTTC~CTGCAI-~OI&TCGAGCAGCCGGG 
TCTCCGCCCCATccCTGACTAATTTTTTT NEO ATTTTTTTCACT-OLYA 

""..,-<", 
CTAAGAAGSA?ATAGGGGCTATGTTGTCCC VIRAL AGGGCAAGGCTTGCG AATCGGGTTGCGMC 

CTAAGAAGSA?ATZ&AAGGTTGGGAAGCC 49 ACCTGAAACATARAAT (1 6b) AATCGGGTTGCGMC 
TGGGGCGCCCrCTGGTAAGGTTGGGARGCC NEO ACCTGAAACATARAAT GAATGUVLTTGTTG 

m 
VIRAL @XSA&TGTAGTCTTATGUVLTACTCTAA 

CTTCATTTGSTGA TACACTCCGCTACC 7 32 TTAGCTTTTTAAT TATGCAATACTCTAA 
UFO TTAGCTTTTTAATTGT-GGGGTTAATAA 

position in the genome or the pSV2neo sequexices where this event has 
occurred. The numbers associated with the viral sequences were derived from 
the equivalent position in the Pr-RSV-C sequence (20). Abbreviations: pBR, 
pBR322; SVpro, SV40 promoter; SV PA, SV40 polyadenylation region; 
U3, R, and U5, components of the LTR, PBS, primer binding site; 3' UT, 
3' untranslated region. 

ments reported to occur during replication 
of other retroviruses (15, 16). 

5) Several structures had properties that 
were characteristic of this system. Analysis 
of two clones (clones 39 and 14) suggested 
that the neo gene was in the opposite orien- 
tation relative to the viral genes. Sequencing 
of the amplified products for the right junc- 
tion in each case showed that recombination 
took place in the same area of the vector 
sequences but different regions of the virus 
in the two clones (Fig. 3A). Clone 39 
showed two recombination events at one 
junction; the U3 region of the LTR was 
connected to a region in the pol gene in the 
opposite orientation, which was then con- 
nected to the neo gene in the same orienta- 
tion as the pol-related sequences. Some 
clones, of which 32 is an example, retained 
the left junction between neo and viral se- 
quences-present in the original clone. This 
suggested that only one recombination 
event, at the right junction, was necessary to 
move the neo gene between LTR sequences. 
These results suggest that this system, while 
supplying information on the mechanism of 
oncogene transduction, will also be useful 
for characterizing the range and nature of 
aberrations created and tolerated by the 
virus replication machinery. 

As in the case of oncogene transfer by 
transforming retroviruses, -two clones, 49 
and 53, were able to transfer the neo gene by 
infection of fresh cells with viral particles. 
Infection of fresh QT35 with virions from 
clone 42, however, did not give rise to drug- 

resistant clones. This deficiency was consis- 
tent with the rearrangements in clone 42 
DNA, which led to the loss of cis-acting 
sequences (including the primer binding 
site) necessary for reverse transcription. 

In addition to providing a model for 
illegitimate recombination during reverse 
transcription, our model provided a means 
of testing directly the role of readthrough 
transcri& as intermediates in transduction. 
The experiment described above was repeat- 
ed with virions from a series of cell clones 
that ~roduced virions with different ratios of 

I 

neo-containing to wild-type viral transcripts. 
The different ratios were obtained by chang- 
ing the numbers of polyadenylation signals 
upstream of the neo gene. The DNA's intro- 
duced into QT35 cells contained the neo 
gene and the provirus with the following 
polyadenylation signals: the inactivating 
mutant signal [up to 99% of viral transcripts 
would be readthrough RNA's (7)]; wild- 
type signal [up to 15% of viral transcripts 
would be readthrough RNA's (6)]; and 
both the LTR and a second polyadenylation 
signal, from the L3 gene of adenovirus-2 
(17). introduced between the 3' LTR and , 1 ,  

the neo gene (a very low level of viral 
transcripts would contain neo sequences) 
(Fig. 4A). Cell clones resistant to G418 that 
contained the intact DNA sequences were 
isolated and used as sources of virions for 
the subsequent infections. Analysis of RNA 
from virions from the mutant (M7), two 
wild-type clones (WT1 and WTll),  and 
three double polyadenylation site clones 
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*A17 . . . . 
2PA'O . a . . 

viral probe neo probe 

c 16X 8X 4X 2X 1X 
2pA17 

117 

WT1 

W T l l  

flg. 4. Correlation between frequency of transduction and level of readthrough transaipts. (A) 
Representation of the DNA constructs introduced into cdls. AU constructs contained the neo casscm 
downsaeam of an RAV-1 provirus. C o m a  M and WT contain mutant (AAGGAA) and wild-type 
(AAUAAA) polyadenylation signal in the LTR's, respectively. Construct 2pA contained wild-type 
polyadenylation signals in the LTR's plus a fragment ( h e n  in pT3L3) containing the L3 polyadenyl- 
ation signal of adenovirus-2 (17) (shaded box) introduced at the T th l l l  I site 27 bp downstream of 
the pSV2ne-o Acc I site. (B) Virion RNA was isolated (7) and serial twofold dilutions were spotted onto 
niwcellulose. Duplicate filters were hybridized to antisense 32P-labeled riboprobes described in Fig. 2. 
(C) A standard reverse transaiptase assay was performed with sedimented virions from media ofthe cell 
dones described in (B) (23) and twofold dilutions were spotted onto DEAE cellulose paper. (D) 
Transdudon ability of virus produced by the various dona. Undiluted ( 2 ~ )  (6 rnl) or a twofold 
dilution of clarified medium fiom each done was used to infect a culture of QT35 cells, and 
G418-resistant dona  were selected as described in Fig. 2 and stained with mahylene blue (24, 25). 

(2pA5,2pA10, and 2pA17) confirmed that 
the viral RNA's were of the expected a m -  
position and sizes (18). 

To determine the relative ability of these 
clones to yield rearranged proviruses, viri- 
ons were collected and used to infect QT35 
cells. The amount of neo-containing RNA 
relative to the amount of total viral RNA in 
the virions used to infect the cells, the 
reverse transcriptase activity (a measure of 
virion number), and the number of drug- 
resistant clones obtained for two dilutions of 
virus fiom each cell clone were determined 
(Fig. 4, B to D). In all cases, the relative 
numbers of drug-resistant clones correlated 
with the relative amounts of readthrough 
RNA containing neo sequences in the infec- 

tious virions. These results suggest that the 
presence of readthrough transcripts is a key 
factor in the transduction of downstream 
neo sequences in this system. 

~e&ral as- of o k  studies show that 
the mechanism of transduction involving 
readthrough tramcripts is the main way that 
the neo sequences are captured in our sys- 
tem and suggest that this pathway is a 
probable mechanism for oncogene transduc- 
tion by retroviruses. The inability of DNA 
structures containing two different polyade- 
nylation signals to lead to the transduction 
of neo sequences implies that rearrangements 
at the DNA level (of the sort shown in Fig. 
l) ,  which should not be affected by the 
extent of readthrough transcription, did not 

contribute to this event. The heterogeneity 
of the neo-containing structures obtained 
after infection with virions from the M7 
clone implied that they were created during 
infection and were not the result of a preex- 
isting rearrangement in the original virion- 
producing clone. Recombination must have 
occurred afkr transcription and RNA pro- 
cessing to give rise to rearranged structures 
lacking introns as well as recombination 
junctions that contained sequences derived 
from the poly(A) tail. The presence of neo- 
containing proviruses lacking important cis- 
acting signals (such as primer biding sites) 
provides evidence that these rearrangements 
did not occur before the initial infection 
because genomes with such d e f m  would 
not have been able to be mobilized by 
packaging into virions or reverse transcrip- 
tion. Our results imvlv that transfer of host . J 

genetic information is commonplace during 
retroviral infection. The system that we have 
developed will allow d e r  characterization 
of the mechanism and consequences of this 
P-. 

- 
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Early Evolution of Avian Flight and Perching: New 
Evidence from the Lower Cretaceous of China 

Fossil bird skeletons discovered in Lower Cretaceous lake deposits in China shed new 
light on the early evolution of avian fight and perching. The 135 million-year-old 
sparrow-sized skeletons represent a new avian, Sinornis santensis, n. gen. n. sp., that 
preserves striking primitive features such as a flexible manus with unguals, a footed 
pubis, and stomach ribs (gastralia). In contrast to  Archaeopteryx, however, Sinornis 
exhibits advanced features such as a broad sternum, wing-folding mechanism, pygo- 
style, and large fully reversed hallux. Modern avian flight function and perching 
capability, therefore, must have evolved in small-bodied birds in inland habitats not 
long after Archaeopteryx. 

T HE SKELETON OF THE OLDEST BIRD, 

Archaeopteryx, is characterized by 
elongate grasping forelimbs and a 

long balancing tail, and its skeleton resem- 
bles in many regards that of its nearest 
theropod relatives (1 ) . Archaeopteryx, never- 
theless, was clearly capable of gliding or 
primitive powered flight, as evidenced by 
flight feathers of modern avian aerodynamic 
design and arrangement along the forearm 
and manus (2). Late Cretaceous carinate 
birds such as Ichthyomis, in contrast, exhibit 
an advanced avian flight apparatus, includ- 
ing an expansive keeled sternum for bulky 
flight musculature and wing and tail modi- 
fications for aerial maneuverability (3). The 
basic components of the modern avian flight 
apparatus, thus, must have arisen in the 
Early Cretaceous, during the first third of 
avian history. 

But the fossil record for the Early Creta- 
ceous, thus far, has provided little docurnen- 
tation of this critical transformation (4). 
Recently, partial bird skeletons have been 
discovered in the Lower Cretaceous of Asia 
(5) and Europe (6) (Fig. 1) that provide 
important clues to the early evolution of 
flight, but none of these specimens is com- 
plete. We report on the discovery of spar- 
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row-sized bird skeletons in Lower Creta- 
ceous beds in northeastern China (7). The 
holotype skeleton (Fig. 2B) of the new bird, 
Sinornis santensis, n. gen. n. sp. (8), is pre- 
served on part and counterpart slabs of 
he-grained freshwater lake sediment and is 
associated with abundant fish (Lycoptera), 
insect, and plant remains (9). The associated 
pollen and spore assemblage suggests a Va- 
langinian age for the bird (lo), which, if 
correct, would make it second only to Ar- 
chaeopteryx in age among birds (Fig. 1C). 

The skull and skeleton exhibit a number 
of striking primitive features that have not 
been reported thus far in any bird except 
Archaeopteryx. The skull has a proportion- 
ately short, toothed snout (Fig. 2A) as in 
Archaeopteryx. The carpus and manus in the 
forelimb are separate, rather than h e d  into 
a unit carpometacarpus, and the manus is 
composed-of freely &dating metacarpals, 
with well-formed phalanges and unguals on 
the first and second digits (Fig. 3C). The 
manual unguals are relatively small and only 
moderately recurved, in contrast to the slen- 
der, highly recurved unguals in Archae- 
opteryx (11, 12). The pelvis is remarkably 
primitive and closely resembles that of Ar- 
chaeopteryx (Fig. 4B). The elements of the 
pelvic girdle are free rather than coossified 
(6, 12), the iliac blades are erect rather than 
converging toward the midline, and the 
ischiurn is blade-shaped rather than strap- 
shaped. The rodlike shaft of the pubis ap- 
pears to be directed more ventrally than 
posteriorly and terminates distally in a hook- 

shaped foot similar to that in Archaeopteryx 
and theropod dinosaurs. As in Archae- 
opteryx, the metatarsals are separate, rather 
than coossified, along all but their proximal 
ends. Rows of slender stomach ribs (gastra- 
lia) are preserved on the ventral aspect of the 
trunk, passing between the hind limbs (Fig. 
4B). Gastralia have been lost in all other 
birds except Archaeopteryx (12). These re- 
tained archaic features are not specifically 
involved in flight or perching and add to 
current evidence that favors theropod dino- 
saurs as the nearest avian relatives. Lack of 
h i o n  in the manus, pelvis, and hind limbs 
seems to document the primitive avian con- 
dition, rather than signify immaturity in the 
holotype skeleton, because bone surfaces are 
finished throughout the skeleton and the 
components in the dorsal vertebrae and py- 
gostyle are completely h e d  (13). 

Advanced avian characters in the skeleton 
of Sinomis are almost all directly related to 
flight or perching. There appear to be no 
more than 11 dorsal vertebrae in the trunk 
as in the Spanish bird (6), rather than 14 as 
occur in Archaeopteryx and most theropods. 
The tail is short with only eight free verte- 
brae and a large pygostyle for attachment of 
the rectricial fan. The short trunk and tail in 
Sinornis shift the center of mass toward the 
forelimbs, as in modern powered fliers, as 
opposed to a center of mass near the hind 
limbs, as in the terrestrial cursor Archae- 
opteryx. In living birds the pygostyle is closely 
correlated with the size of the rectricial fan 

Tithonian 

Fig. 1. Temporal position of Upper Jurassic and 
Lower Cretaceous fossil birds. (A) Ambiortus 
dementjevi, (B) Las Hoyas bird, (C) Sinornk san- 
tensis, and (D) Archaeopteryx lithographica. 
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