
actions and contests occur (13). In view 
of the wide range of nearest-neighbor 
distances exhibited by the population 
observed, it is possible that there are 
several ecotypes of this species-thatis, 
geographically distinct populations with 
genetically determined ranges of inter- 
individual spacing, adapted to the envi- 
ronments in which they occur (14). 

The combination of solitary and com- 
munal behavior exhibited by this species 
suggests that it represents an intermedi- 
ate stage in the evolution of social behav- 
ior in spiders. Perhaps the communal 
behavior of M. spinipes evolved as  the 
result of an increased tolerance of con- 
specifics in habitats where prey was lo- 
cally or seasonally abundant. In such 
habitats, territory size and interindivid- 
ual distance could at  times be reduced, 
and populations would be large. If web 
sites with proper architectural support 
were patchily distributed, as  Agave and 
Opuntia are, selection might favor indi- 
viduals capable of tolerating conspecifics 
and attaching webs together. In such 
situations, the advantages of group liv- 
ing-exploitation of habitats free of com- 
peting species, increased prey capture 
efficiency, architectural stability of 
webs, and so on-would usually out- 
weigh the advantages gained by main- 
taining maximum distances from conspe- 
cifics at the cost of aggressive behavior 
(3, 4). Retention of interindividual spac- 
ing mechanisms like web defense, how- 
ever, would ensure survival when prey 
availability fluctuates. The end result 
would be a group-living species which 
displays considerable variation in social 
grouping tendency, as  M. spinipes does. 

GEORGE W .  UETZ 
THOMAS C. KANE 

GAIL E. STRATTON 
Department of Biological Sciences, 
Unwersity of Cincinnati, 
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Diverse Mechanisms in the Generation of 
Human P-Tubulin Pseudogenes 

Abstract. The sequence of two human P-tubulin pseudogenes is described. One 
contains an intervening sequence but lacks sequences encoding the 55 N-terminal 
amino acids of the polypeptide chain. A second has no introns but has a polyadenyl- 
ate signal and an oligoadenylate tract at its 3' end, and it i s junked  by a short direct 
repeat. These sequences have arisen by different mechanisms, including one that 
probably involves reverse transcription of a processed messenger RNA and reinte- 
gration of the complementary D N A  copy into the genome. 

With few exceptions, all expressed 
eukaryotic genes contain intervening se- 
quences (introns), regions of DNA that 
interrupt the coding sequence and that 
are spliced out of the primary gene tran- 
script as part of the generation of cyto- 
plasmic messenger RNA (mRNA). Any 
of a number of genetic events including 

deletion, insertion, o r  acquisition of one 
or more stop codons within the coding 
sequence can lead to a failure to yield a 
functional transcript. Such a gene is 
therefore termed a pseudogene. Among 
the pseudogenes thus far described, a 
curious form is that in which the inter- 
vening sequences 

Sac I Eco R l Srnal 
Barn H I  Sau 3A I Sau3A I Sau3Al Sac l Hind 1 1 1  Pst 1 

Sau3A Pvu 1 1  BarnHI S a l I  

Sau 3A S a l I  Sau3A Sau3A PstI 

1 1 

present in the ex- 

Fig. 1. Sequencing 
strategies. A 4.1-kb 
Hind 111-Eco RI re- 
striction fragment (1 lp) 
and a 1.55-kb Eco RI 
fragment ( l p )  each 
containing (3-tubulin 
sequences, were iso- 
lated from the appro- 
priate Charon 4A 
lambda clones (3) by 
electrophoresis in low 
melting temperature 
agarose and extrac- 
tion with phenol. A 
further 1.65-kb Bam 
HI-Hind 111 fragment 
containing P-tubulin 
( l p )  was subcloned 
into pBR322. Restric- 
tion endonuclease di- 
gestion of these 
DNA's was per- 
formed with the en- 
zymes indicated and 
the fragments ligated 
into appropriately 

cleaved replicative forms of bacteriophage M13  mp8 and mp9. In some cases, plaques 
containing the DNA to be sequenced were identified on nitrocellulose replicas (16) by 
hybridization with a nick-translated chicken p-tubulin cDNA probe (17). 
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pressed homolog have been precisely 
eliminated ( I ,  2). Because the mecha- 
nism whereby intervening sequences are 
removed involves splicing at the RNA 
level, it is logical to  ascribe the genera- 
tion of intron-deficient pseudogenes to  a 
process of reverse transcription, in 
which a spliced RNA transcript is copied 
into DNA and the DNA copy is reinsert- 
ed into the genome. Here we present 
evidence that two genomic human p- 
tubulin sequences lack introns but con- 
tain 3-polyadenylate [poly (A)] tracts and 
that each is derived independently by 
reverse transcription of different spliced 
mRNA's. A third intron-containing 
pseudogene which has lost a substantial 
proportion of its 5' coding sequences, 
probably as  a consequence of deletion, is 
also described. 

Alpha- and beta-tubulins are the prin- 
cipal proteins of microtubules, filamen- 
tous structures found in association with 
several subcellular structures in eukary- 

otic cells, including the mitotic appara- 
tus, cilia, flagella, and elements of the 
cytoskeleton. Evidence based on amino 
acid sequencing, immunological cross- 
reactivity, and the ability of cloned tu- 
bulin-specific complementary DNA 
(cDNA) probes to  hybridize to  DNA 
fragments from diverse species under 
stringent conditions points to  a close 
evolutionary conservation among tubu- 
lins. In humans, the genes that encode 
these proteins each constitute a multi- 
gene family consisting of about 15 to 20 
members, several of which have been 
isolated as  recombinant fragments (3-5). 
These sequences include examples that 
are short, that is, approximately the size 
required to  encode a human tubulin 
mRNA. The complete sequence of two 
such genes was determined by the strata- 
gem depicted in Fig. l .  In Fig. 2, the 
sequence data is compared with the se- 
quence of a second short human p-tubu- 
lin gene (6) and a cloned chicken p- 

tubulin cDNA probe (7). Two of the 
human sequences are devoid of introns, 
and all three contain lesions (in-frame 
termination codons and deletions o r  in- 
sertions that cause frameshifts and re- 
sultant premature termination signals) 
that preclude the generation of a func- 
tional product. Like 46@, the sequence of 
1 l p  includes at  its 3' end a poly(A) signal 
(AATAAA) and an oligo(A) tract 16 base 
pairs further downstream. In addition, 
1 l p  is flanked by a short direct repeat of 
sixteen base pairs that differs completely 
from the direct repeat flanking 46P. 

The sequence of l p  reveals two single- 
base deletions (in the first codon position 
of glycines 269 and 400) that lead quickly 
to in-phase termination codons at amino 
acid positions 361 and 405. However, in 
contrast to 46P and l l p ,  this gene con- 
tains a short (120 base pairs) intervening 
sequence that interrupts the coding se- 
quence at  glycine 94 and is flanked by 
correct consensus splice signals. There 

PT 2 TAAGGCCCGGAGCGGGGCGCGGCCGCTGCAGCGGA 
1B CCCCAAGCCCTGGTCAAGACGCAGGAATGGGGAAGGAGCTGCTGGATATGGCACACACCTTAACACAAGCAGGTTAAGTACTCACTTTCCTTTGTGGTTTCACAAATGAAACCAGGA 
1 lB ACACCACTCAAAGAAATCAGAGP,TGTCACG 
46B AGAAGCTGAGGTGTCGAGAAACTTCCTACCGCCCGTTCGCACCTCGCTACTCCAGCATCTAGGGCATATTCCAACCTTCCAGCCTGGACCTGCAGAGAAAAAAAAATTACTTAT 

10 
Met Arq Glu Ile Val His Ile Gln Ala Glv Gln Cvs Glv Asn Gln Ile Glv 

pT2 GAGCGGAGGTGACGGAGCGGGAGCAGCGCGGCACCGGCAGACACCGGCATC ATG CGT GAG ATC GTG CAC ATC CAG GCC GGC CAG TGC GGC AAC CAG ATC GGC 
13 TCATTTCCAATATGAAGGAAGAGAATCTCTGTCACTGGCAATATCACAGAGCA.GACTGATGGAGATTGTTTGTGGGTATTCTATAGATTTGTGGGATTGTTGTTGGGGTAAAAAATATG 
118 AGCCAGCCCAGCCCGCCTGCCCGTCCGAGCCGCCTGCCAGACACGCCCATG A G T G C T El G 
466 TTTCTTGCCCCGTACATACCTTGAAGTGAGCAAAAAAATTAAATTTTAACC A G A T T C T  T 

20 30 40 
Ala Lys Phe Trp Glu Val Ile Ser Asp Glu His Gly Ile Asp pro Thr Gly Ser Tyr His Gly Asp Ser Asp Leu Gln Leu Asp Arg Ile 

pT2 GCT AAG TTC TGG GAG GTC ATC AGC GAT GAG CAC GGC ATC GAT CCC ACC GGC AGC TAC CAC GGG GAC AGC GAC CTG CAG CTG GAG AGG ATC 
1B CATGTTAGATACTCAAATCTCGACCTACCAAGGGCCCCTTTCTAGAATATCCATGATTTTTTTTGGACCAGTATCACAAAGTTCTATTTTGATAAAACATTAACTTTTAGAAAAACAAG 
116 C A T T A C G A GTG A TCG T G CA 

5 0 60 70 
Asn Val Tyr Tyr Asn Gly Ala Thr Gly Asn Lys Tyr Val Pro Arg Ala Ile Leu Val Asp Leu Gly Pro Gly Thr Met Asp Ser Val Arg 

pT2 AAC GTG TAC TAC AAT GAG GCC ACA GGT AAC AAG TAC GTC CCC CGT GCC ATC CTG GTT GAC CTG GAG CCC GGC ACG ATG GAC TCG GTG CGC 
18 TAGGCTGACTTTTTCCTATTTTTCTA G G A T G  A A G  T G A A T G C  A G C A T  A 
116 G@ C C T T T C  C m  T G T G * * C  C G C AGT C G  
468 TC G A T A G G  A T T T A G T A  T G C  T T 

80 90 
Ser Gly Pro Phe Gly Gln Ile Phe Arg Pro Asp Asn Phe Val Phe Gly 

pT2 TCC GGC CCC TTT GGA CAG ATC TTC CCA CCC GAC AAC TTT GTC TTT GGT 
18 T A AAA A GCT C T A GT CA ATGTTTTTCCAGAAGGTTCCACCAGGAGGAGGGGGGGATGCTTTACTGGTGCCCTT 
118 G G T T T T  AGG IT T A A  
460 A T T C T AG A A 

100 110 
Gln Ser Gly Ala Gly ASn Asn Trp Ala Lys Gly His Tyr Thr Gly Gly Ala Glu 

pT2 CAG AGC GGG GCC GGC AAC AAC TGG GCC AAG GGG CAC TAC ACG GAA GGC GCT GAG 
18 CTCTTTTCACCTTTCTTCCCCTGCTGGTTTCTCTTTTTGGCCACAGGTA C TCT T A C G A C  
116 T T G T G T G C  
466 TCT A T A C A G C 

120 130 140 
Leu Val Asp Ser Val Leu Asp Val Val Arg Lys Glu Ser Glu Ser Cys Asp Cys Leu Gln Gly Phe Gln Leu Thr His Ser Leu Gly Gly 

pT2 CTG GTG GAC TCT GTG CTG GAT GTG GTG AGG AAG GAG TCG GAA AGC TGC GAC TGC CTG CAG GGC TTC CAG TTG ACC CAC TCG CTG GGC GGC 
1B A C  G A A  C A G C C  AGT G T A C GT C G 
116 G T C C C  CG A * * *  GT G A G T  a T C T G 
468 T T C A C G A  G T C C A T G 

150 160 170 
Gly Thr Gly Ser Gly Met Gly Thr Leu Leu Ile Ser Lys Ile Arg Gly Gly Tyr Pro Asp Arg Ile Met Asn Thr Phe Ser Val Met Pro 

pT2 CGC ACC GGC TCG GGG ATG GGC ACC CTC CTC ATC AGC AAG ATC CGC GAG GAG TAC CCC GAC CGC ATC ATG AAC ACG TTC AGC GTC ATG CCC 
1 R A C T G G A T A A  G G T T C  T 
116 A A T G G AT T A T  C A G 
466 A T A T T A A A  T T T C T G G  T 
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180 190 200 
Ser Pro Lys Val ser Asp Thr Val Val Gly Pro Tyr Asn Ala Thr Leu Ser Val His Gln Leu Val Gly Asn Thr Asp Glu Thr Tyr Cys 

pT2 TCC CCC AAG GTG TCG GAC ACG GTG GTG GAG CCC TAC AAT GCC ACC CTT TCT GTG CAC CAG CTG GTG GAG AAC ACG GAC GAG ACC TAC TGC 
18 T C G G T T  G A C  A T T G A T CC TGT T 
118 G * r * *  T C C  TG G C A  T A T 
468 A A T C A C  T T G C C T  T A T T T 

210 220 230 
Ile Asp Asn Gly Ala Leu Tyr Asp Ile Cys Phe Arg Thr Leu Lys Leu Thr Thr Pro Thr Tyr Gly Asp Leu Asn His Leu Val Ser Asp 

pT2 ATC GAC AAC GAG GCC CTG TAC GAC ATC TGC TTC CGC ACC CTG AAG CTC ACC ACT CCC ACG TAC GGG GAC CTC AAC CAC CTG GTG TCG GCC 
ie T T T G G A  c T T A c TTG 
118 A G G A C G  G *  G C G ACA T 
468 T G T T G G G  A C T T AC T C m A  

240 250 260 
Thr Met Ser Gly Val Thr Thr Cys Leu Arg Phe Pro Gly Gln Leu Asn Ala Asp Leu Arg Lys Leu Ala Val Asn Met Val Pro Phe Pro 

pT2 ACC ATG AGC GGC GTG ACC ACC TGC CTT CGC TTC CCC GGC CAG CTG AAC GCC GAC CTG CGC AAG CTG GCG GTC AAC ATG GTG CCT TTC CCC 
1 B A A C C G  G T C A G C C 
118 A G A C  T @ G C T G  A T G 
468 G A G T T  C C T C T T  C T C T  C C A 

0 c 

270 280 290 
Arg Leu His Phe Phe Met Pro Gly Phe Ala Pro Leu Thr Ser Arg Gly Ser Gln Gln Tyr Arg Ala Leu Thr Val Pro Glu Leu Thr Gln 

pT2 CGG CTG CAC TTC TTC ATG CCG GGC TTC GCC CCG CTG ACG AGC CGC GGC AGC CAG CAG TAC CGA GCC CTG ACG GTG CCC GAG CTG ACG CAG 
1 8  C T C *  T A C  G AG C T C  G C C 
118 T C  A * * *  ***  * * *  A * *  C T G c C C CT 
468 T C T T CT * T C C  AT A T A  AG C A G C C C  

300 310 320 
Gln Met Phe Asp Ser Lys Asn Met Met Ala Ala Cys Asp Pro Arg His Gly Arg Tyr Leu Thr Val Ala Ala Ile Phe Arg Gly Arg Met 

pT2 CAG ATG TTC GAC TCC AAG AAC ATG ATG GCC GCC TCC GAC CCC CGC CAC GGC CGC TAC CTG ACG GTG GCT GCC ATC TTC CGA GGC CGC ATG 
1 8 T G CGC T CC T GT T G T C A C TG T G AAG 
118 T T G  T CG GG A T G A C A  G G  G T C  
468 G C T G G T GT T G A C C T GA T T G  

330 340 350 
Ser Met Lys Glu Val Asp Glu Gln Met Leu Asn Val Gln Asn Lys Asn Ser Ser Tyr Phe Val Glu Trp Ile Pro Asn Asn Val Lys Thr 

pT2 TCC ATG AAG GAG GTG GAC GAG CAG ATG CTG AAC GTG CAG AAC AAG AAC AGC AGC TAC TTT GTG GAG TGG ATC CCC AAC AAC GTG AAG ACG 
1 B CC A C A C  C T C  C G G T C G T  
118 C TC A C G C A GT 
468 C T T T A T A C  A 

360 370 380 
Ala Val Cys Asp Ile Pro Pro Arg Gly Leu Lys Met Ser Ala Thr Phe Ile Gly Asn Ser Thr Ala Ile Gln Glu Leu Phe Lys Arg Ile 

pT2 GCC GTC TGC GAC ATC CCC CCG CGT GGC CTC AAG ATG TCC GCC ACC TTC ATC GGC AAC AGC ACG GCC ATC CAG GAG CTC TTC AAG AGG ATC 
1 8  T G C G G ~ C  G T A A A T T  G 
118 A T A C C C A  T T C A G G T G *  C 
468 T T A T G A  T G T  CAC 

ser Glu Gln Phe Thr Ala Met Phe Arg Arg Lys Ala Phe Leu His Trp Tyr Thr Gly Glu Gly Met Asp Glu Met Glu Phe Thr Glu Ala 
pT2 TCG GAG CAG TTC ACG GCC ATG TTC CGG CGC AAG GCC TTC TTG CAC TGG TAC ACC GGC GAG GGC ATG GAT GAG ATG GAG TTC ACC GAG GCG 
18 T T T A  A A A A G  A T T G  A *  A G C WC A T GGG A T 
118 A C A A A C A TG A C A C 

420 430 440 
Glu Ser Asn Met Asn Asp Leu Val Ser Glu Tyr Gln Gln Tyr Gln Asp Ala Thr Ala Asp Gln Gln Gly Glu Phe Glu Glu Glu Gly 

pT2 GAG AGC AAC ATG AAC GAC CTG GTC TCA GAG TAC CAG CAA TAC CAG GAT GCC ACC GCT GAT CAG CAG GGT GAA TTT GAA GAG GAA GGA 
18 A A T  C C T  T T  A C A TTT A AA A T TA G AA T * * *  TC ACG 
118 A T G C G C T  TG C C G G  G :m gT T G AG 
468 C C T T G A A G  G AG G CC 

Glu Glu Asp Glu Ala OP 
pT2 GAG GAG GAT GAG GCA AGTGGAAATGGGTAGGAGTCAAGTGTAGTCTGAGCAGGCAAGTGTTCATTGAGAGGAGAATCTGTGCAGTTGTGCTGAAGCATGCGTTTCTTAAT 
1 8  CA A * *  G AGCCAGAAGATAAGGGACATTAACTGTGAGAGAAGCTGTGCCGCGGAGTCGCTTACAGAACAGTTTCTCATTAGATGAGTGTTTCTCCTGCAGCA 
118 A TTG C G G CCCCAAGTGAAGCTCTTGCAGCTGGAGTGAGGGGCAGGTGGCGCCGGTCCAAGGCCAGCAGTGTCTGACCTCCAGAGCCATCTTGCTGTCGACGC 
468 A A * * *  C AGAGAGCCCCCAATCAACCTCGAGGCTTCTCAGTTCCCTTAGCCGTCTTGACTCAACTGCCCGTTTCCTCTCCCTCAGAATTTGTGTTTGCTGCC 

pT2 TTCGTGCTCTCCGCTGTTGCTTTTGTCAGCAGTTTTGTATCCTCGACTGTCCGATGTAACAGTTGCAAAAATACTTCAGAGTCTTCTGTTGAAATGGTTAACTTCTCAAACATAAAGGC 
1~ CTCCAAAACCCACTCTGCACTGCAGCACAGTGAATGATATGCACTCACCATTAGCTTCGACACAGGGACTGAGGGAGA~AGGTGGGGAGCAGCTGACAGGCATTAGGGTC~ACA 

468 TCTATCTTGCTTTTTGTTTTTTCTTCTGGGGAGGGTCTAGAACATGCCTGGCACATAGTAGGCACTCAATAAATACTTGTTTGTTGGAAAAAAAAAAAAAAAAAGGCTGAGGTGTCAGG 

pT2 TTTTTGTGTTCTAAAAAAAAAAAAAAAAA... 
18 TCTACTAACCTTGAAGAGTTTGATGTTCAGTGCATACTTATTAACTTAAAAAAATAGCAAATTTATTGTAAAGTGGATCCCTTTGTTTCAAAGTGTTTGCCAGGCATCCAGACTACAGT 
118 TTGCAGCTCCAGGCCTGACATTTTATGGATTTGTTTTTTAGCTGGTTTGTGTTTATATTTTCAGGGACTACTTAATAAACTCTATTGCCTGTCAGATAAAAAAAAAAAGAAATCAGAGq 
468 ATCCCTTGAGCCTGGGAGGTCAAGGCTGCAG 

- 

1 8  GTGGATTTGCAGGGAGCCCACT 
118 CTGACCACAAAGAAATCCAAA 

Fig. 2. Sequence of three human p-tubulin pseudogenes. The sequences of IP  and 1 l p  were determined by the dideoxy chain terminator method 
(18) and are compared with the sequence of 46p (6). Asterisks denote deleted bases; circles denote inserted bases. Both have been introduced so  
as to retain maximum homology (represented by gaps within the coding regions) with the prototype chicken p-tubulin cDNA sequence pT2 (7). 
Termination codons are boxed. The poly(A) signals and the oligo(A) tracts are underlined. Flanking direct repeats are doubly underlined. 
Abbreviations: Ala, alanine; Arg. arginine; Asp, aspartic acid; Asn. asparagine; Cys, cysteine; Gln, glutamine: Glu, glutamic acid; Gly, glycine: 
His, histidine; Ile, isoleucine; Leu,  leucine; Lys,  lysine, Met. methionine: Phe, phenylalanine: Pro. proline: Ser ,  serine: Thr,  threonine; Trp, 
tryptophan; Tyr,  tyrosine; and Val, valine. 
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is also substantial divergence from the 
other sequences toward the 3' end, and 
l p  contains no discernible poly(A) addi- 
tion site or significant oligo(A) tract within 
700 base pairs further downstream; nor 
is there evidence of direct or inverted 
repeat sequences in the regions immedi- 
ately flanking this gene. Toward the 5' 
end (at amino acid 55) an unexpected 
feature is that all homology, both with 
respect to  the chicken cDNA probe and 
the intron-lacking genomic sequences, is 
abruptly lost. Inspection of the region 
spanning the threonine 55 codon reveals 
a sequence (TTTCTACAGGT) (T, thy- 
mine; C ,  cytosine; G,  guanine; A, ade- 
nine) that closely resembles a consensus 
acceptor splice signal, including the 
obligatory dinucleotide AG. Indeed, the 
structure of a 6.8-kb (kilobase) human P- 
tubulin gene, determined by heterodu- 
plex analysis with the cloned chicken P- 
tubulin cDNA, shows the presence of a 
short intervening sequence at approxi- 
mately this location (3). However, 
Southern's hybridization experiments (8) 
on overlapping recombinant phage that 
contain the l p  pseudogene and extend 15 
kb upstream from the region sequenced 
show no further evidence of hybridiza- 
tion with human or chicken P-tubulin 
probes containing 5' coding sequences. 
Thus, although the existence of an inter- 
vening sequence greater than 15 kb can- 
not be ruled out,  it seems more likely 
that some DNA rearrangement (dele- 
tion, inversion, recombination, or trans- 
position) with a breakpoint upstream 
from amino acid 55 resulted in a loss 
of sequences encoding the 5'  end of this 
gene. 

An additional feature of l p  is that the 
largest (4.9 kb) intron contained in the 
6.8-kb gene (3) is absent. One possibility 
is that this intervening sequence was 
eliminated by reverse transcription of an 
RNA processing intermediate, and the 
cDNA copy reintegrated into the 
genome. This mechanism would appear 
unlikely, however, in view of the ab- 
sence of a poly(A) signal, poly(A) tract, 
or flanking direct repeats. A more plausi- 
ble explanation is that l p  was generated 
solely by mutational events from a func- 
tional P-tubulin gene that lacks the 4.9- 
kb intron. In contrast to the known in- 
tron-containing pseudogenes of the glo- 
bin gene families (9) ,  1 p does not appear 
to be closely linked to other 6-tubulin 
sequences. A transposition event may 
have conveyed l p  to  its present location, 
or it may represent a member of the p- 
tubulin multigene family that was al- 
ready dispersed, and subsequently mu- 
tated so as to be no longer functional. 
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The addition of A residues to the 3' 
ends of mRNA molecules is a post-tran- 
scriptional event. Hence, the occurrence 
of 3'-poly(A) tracts in the two intron- 
lacking human p-tubulin pseudogenes 
(Fig. 2) is suggestive of a mechanism 
involving the reverse transcription of 
processed mRNA. How could such mol- 
ecules be generated and, once generated, 
how could they become integrated into 
the genome? Among the requirements 
would be a reverse transcriptase and a 
functional primer for the synthesis of 
plus and minus strands. Although no 
obvious molecules exist that might serve 
as primers, the rarity of successful syn- 
thesis could be a consequence of improb- 
able events. A possible integration 
mechanism might then involve recombi- 
nation with a transposable element, for 
example, retrovirus DNA. Indeed, re- 
combination of retroviral sequences with 
a fragment of genomic DNA and loss of 
intervening sequences during the RNA 
phase of the virus life cycle-a process 
known to occur with incorporated host 
genes (10)-can satisfactorily explain the 
observation that two intron-lacking 
mouse a-globin pseudogenes both retain 
homology with respect to functionally 
expressed genes 5'  to the mRNA capping 
site ( I ,  2). This mechanism is also con- 
sistent with the detection of flanking 
retrovirus-like elements (11) and the ob- 
servation that a t  least one of the pseudo- 
genes is dispersed relative to  its ex- 
pressed homolog (12). However, neither 
of these pseudogenes contains a 3'-oli- 
go(A) tract and, although a spliced 
mRNA or its cDNA cognate could con- 
ceivably recombine directly with a retro- 
virus sequence, a much simpler mecha- 
nism would involve the direct integration 
of a cDNA copy into a staggered host 
chromosomal break. An aberrant human 
immunoglobulin h light chain transcript 
(13) may also have been generated in this 
fashion. Direct repeats could then arise 
as a consequence of DNA repair at the 
integration site (14). 

The sequences corresponding to the 3' 
untranslated and 5' untranslated regions 
of the two intron-lacking human p-tubu- 
lin pseudogenes are of different length 
and show no significant homology. It 
seems likely, therefore, that 46P and 11 p 
arose by reverse transcription of two 
independently expressed p-tubulin 
genes. If we assume that reintegration of 
cDNA copies can occur anywhere in the 
genome, the propagation of intron-lack- 
ing pseudogenes in the germ line would 
require that there be no interference with 
the expression of other essential genes. 
The accumulation of a number of muta- 

tions in these integrated cDNA's sug- 
gests that they were probably nonfunc- 
tional. Eventually, such progressive 
changes might result in a region of DNA 
that is unrecognizable with respect to  the 
original transcript. That such a degenera- 
tive process indeed occurs is suggested 
by the greater number of insertions, de- 
letions, and amino acid substitutions 
(compared with the functional chicken 
cDNA sequence) in 11 P, and implies that 
the integration of this reverse transcript 
significantly predates the integration of 
46P. The sequence of a third intron- 
lacking human P-tubulin pseudogene 
that also contains multiple point muta- 
tions, small deletions, and insertions 
throughout its length is consistent with 
this conclusion (15). It  remains to be 
seen to what extent the genomes of high- 
er vertebrates are populated by dis- 
persed reintegrated cDNA molecules 
generated by reverse transcription of 
spliced mRNA's. In any event, it is clear 
that several distinct and independent 
pathways can lead to the existence of 
homologous but apparently functionless 
genelike sequences. 

C. D. WILDE 
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Department of Biochemical Sciences, 
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