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Retroviral proteins can encapsidate RNAs without retroviral cis-acting sequences. Such RNAs are reverse
transcribed and inserted into the genomes of infected target cells to form cDNA genes. Previous investigations
by Southern blot analysis of such cDNA genes suggested that they were truncated at the 3' and the 5' ends (R.
Dornburg and H. M. Temin, Mol. Cell. Biol. 8:2328-2334, 1988). To analyze such cDNA genes further, we
cloned three cDNA genes (derived from a hygromycin B phosphotransferase gene) in lambda vectors and
analyzed them by DNA sequencing. We found that they did not correspond to the full-length mRNA: they were
truncated at both the 3' and the 5' ends, did not contain a poly(A) tract, and were not flanked by direct repeats.
The 3'-end junctions to chromosomal DNA of five more cDNA genes were amplified by polymerase chain
reaction, cloned in pUC vectors, and sequenced. All of these cDNA genes had 3'-end truncations, and no
poly(A) tracts were found. Further polymerase chain reaction experiments were performed to detect
hygromycin B phosphotransferase cDNA genes with a poly(A) tract in DNA extracted from a pool of about 500
colonies of cells containing cDNA genes. No hygromycin B phosphotransferase cDNA gene with a poly(A) tract
was found. Investigation of two preintegration sites by Southern analysis revealed that deletions were present
in chromosomal DNA at the site of the integration of the cDNA genes. Naturally occurring processed
pseudogenes correspond to the full-length mRNA, contain a poly(A) sequence, and are flanked by direct
repeats. Our data indicate that cDNA genes formed by infection with retrovirus particles lack the hallmarks
of natural processed pseudogenes. Thus, it appears that natural processed pseudogenes were not generated by
retrovirus proteins.

The transposition of genetic material from one locus to
another through an RNA intermediate is a powerful evolu-
tionary mechanism for sequence duplication, dispersion, and
rearrangements which contribute to the fluidity of eucaryotic
genomes. DNA sequence data obtained from many labora-
tories suggest that 5 to 10% of the mammalian genome
consists of sequences that arose by retroposition of cellular
RNAs. Besides retroviruses and retrotransposons, these
sequences mainly comprise short interspersed repeated se-
quences, long interspersed repeated sequences, and proc-
essed pseudogenes of protein-coding genes (2, 18, 24, 25, 27,
32, 34).
Aside from genetic lesions (e.g., base substitutions and

frameshift mutations), most of these processed pseudogenes
have four characteristics that distinguish them from their
parental functional genes. First, they do not contain introns.
The sequences 5' and 3' to intervening sequences are joined
as in the mature mRNA of their functional counterparts.
Second, they usually represent a full-length copy of the
processed transcript from the functional gene. Third, they
contain a poly(A) tract at the 3' end. Fourth, they are flanked
by 7- to 17-base-pair (bp)-long direct repeats that probably
result from the mechanism by which they are inserted into
the genome (27, 34).
Reverse transcription was first discovered as a key step in

the replication of RNA tumor viruses (1, 22). Retroviruses
(and most probably retrotransposons) have all trans- and
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cis-acting sequences required for active retroposition. They
code for a reverse transcriptase, an integrase, and other
proteins needed for the replication of retroviral RNA (17, 24,
28, 30). However, the trans- or cis-acting sequences that are
involved in the retroposition of other polymerase II or III
transcripts are not known, nor is the mechanism of their
formation.

Recently, it was shown that cDNA genes could be formed
after infection with retrovirus particles (6, 14). We described
a retroviral vector system to investigate whether retroviral
proteins are involved in the formation of processed
pseudogenes of protein-coding genes (6). We introduced a

gene unit consisting of a double promoter, a hygromycin B
phosphotransferase (hygro) gene, and a polyadenylation
processing site into retrovirus helper cells by means of a
self-inactivating retroviral vector (Fig. 1; 7). RNAs (without
retroviral cis-acting sequences) were transcribed from the
internal promoters only. We showed that retrovirus vector
particles encapsidate such RNAs (6). They were reverse
transcribed and integrated into the genomes of infected
target cells to form functional cDNA genes. An intron
inserted between the double promoter was lost, establishing
that an RNA intermediate had existed (R. Dornburg and
H. M. Temin, J. Virol., in press). Similar results were
established recently in another system (14). Investigation of
eight processed pseudogenes by Southern blots indicated
that all of them were truncated at the 3' and 5' ends (6;
Dornburg and Temin, in press). To further investigate cDNA
genes formed after infection with retrovirus particles, we
investigated cloned cDNA genes by DNA sequencing and
polymerase chain reaction (PCR).
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FIG. 1. Experimental protocol. A gene unit consisting of two
promoters (SV40 and MLV U3), the hygro gene, and a polyadenyl-
ation signal (ter2) was introduced into a retrovirus helper cell by a
retroviral vector that forms a provirus with U3-deleted long terminal
repeats (A) (6, 7; Dornburg and Temin, in press). RNAs were
transcribed from the internal promoters only. These RNAs lack all
cis-acting sequences for retroviral replication. They were encapsi-
dated into retrovirus particles supplied by the helper cell. Infection
of fresh target cells resulted in the formation of cDNA genes (B).
Functional cDNA genes (derived from the transcript starting from
the MLV U3 promoter) were transcribed from the SV40 promoter,
enabling the selection of hygromycin-resistant cell colonies (6).
Polyadenylation is dependent on the presence of a polyadenylation
site in the chromosomal DNA. ter2, Polyadenylation processing site
of the herpes simplex virus thymidine kinase gene; supF, suppressor
tRNA gene of Escherichia coli; hygro, hygromycin B phosphotrans-
ferase gene of E. coli; SV40pro, promoter of the SV40 early genes;
MLV-U3, promoter of the MLV U3 region; U3-, deletion of the U3
region in the long terminal repeats. Arrows indicate RNA tran-
scripts.

MATERIALS AND METHODS
Nomenclature and cells used. hygro is the hygromycin B

phosphotransferase gene isolated from pLg89 (10). All vec-
tors were derived from spleen necrosis virus, an avian
reticuloendotheliosis virus. Experiments were performed on
D17 cells (a dog cell line). Retrovirus helper cells (C3A2)
were derived from D17 cells (33).

Plasmid constructions. All plasmids were described previ-
ously (6; Dornburg and Temin, in press) and were con-
structed by standard cloning procedures (15).

Southern blot analysis. Southern blots were performed by
using standard procedures (15). DNA was transferred to
nitrocellulose papers with a vacuum blotting system (Phar-
macia-LKB).

Cloning of chromosomal DNA in lambda libraries. Chro-
mosomal DNAs were partially digested with Sau3AI and
were subjected to high-pressure liquid chromatography
(HPLC) (LKB Instruments, Inc.) on a Genepack column
(Waters Associates, Inc.). Fractions with fragments larger
than 10 kbp were monitored by Southern analysis with a
hygro-specific probe, and DNAs of positive fractions were
ligated with EMBL4 lambda arms (digested with BamHI
purchased from Promega Biotec). A detailed protocol of the
HPLC procedure will be published elsewhere (R. Dornburg,
manuscript in preparation). The lambda libraries were
screened by standard techniques (15). Fragments containing
hygro cDNA genes flanked by chromosomal DNA were

subcloned in pUC vectors for sequencing by standard tech-
niques (15).
DNA sequencing. DNA sequences were determined in

plasmid DNAs by using the dideoxy method (20, 31). Plas-
mids for sequencing were purified by HPLC (5) or with
Geneclean (BIO 101).
PCR amplification. Taq polymerase was purchased from

UBL or Beckman Instruments, Inc. Primers were purchased
from Genetic Design. Reactions were carried out under salt
conditions suggested by the supplier of the Taq polymerase
and under the following temperatures: denaturation at 94°C
for 2 min, annealing at 55°C for 2 min, and polymerization at
72°C for 5 min. The probes were cycled 50 times (9, 19).

Cloning of PCR-amplified DNA. The amplified DNA was
treated with Klenow polymerase (Boehringer Mannheim
Biochemicals) for 25 min at room temperature, extracted
with phenol-chloroform, and precipitated with ethanol. The
pellet was dissolved in water, adjusted to salt concentrations
for restriction enzyme digestion as suggested by the supplier
of the enzyme, and digested for 3 h at 37°C. The samples
were extracted with phenol-chloroform, precipitated with
ethanol, dissolved in water, and adjusted to T4 DNA ligase
salt conditions. The DNA was treated with polynucleotide
kinase (Boehringer) for 1 h. The samples were heated to 70°C
for 10 min and cooled on ice, and alkaline phosphatase
(Boehringer)-treated cloning vector (pUG) and DNA ligase
were added. Ligation was done overnight at 14°C.
cDNA synthesis. In vitro cDNAs were prepared by stan-

dard techniques, using avian myeloblastosis virus reverse
transcriptase (Boehringer) and oligo(dT)12_18 (15).

RESULTS

Sequence analysis of three cDNA genes. To investigate in
detail the structures of cDNA genes formed after infection
with retrovirus particles, we made gene libraries of chromo-
somal DNAs isolated from cell clones containing a hygro
cDNA gene. DNAs from hygro-positive bacteriophages
were isolated and subcloned in pUC vectors, and the se-
quences of the junctions of the cDNA genes with the
chromosomal DNA were determined (Fig. 2).

Naturally occurring processed pseudogenes of protein-cod-
ing genes usually correspond to full-length mature mRNAs,
are flanked by direct repeats, and contain poly(A) sequences
(27, 34). A hypothetical processed hygro pseudogene with
these hallmarks and the structures of three hygro cDNA
genes formed in our experiments are shown in Fig. 2a and b,
respectively. The DNA sequences of the junctions of the
cDNA genes and the chromosomal DNAs are shown in Fig.
2c. None of the hygro cDNA genes formed in our experi-
ments corresponded to the full-length mRNA transcribed in
the parental helper cells (Figure 1; 6; Dornburg and Temin,
in press). They were truncated at the 5' and 3' ends.
However, the truncations did not include the (second inter-
nal) simian virus 40 (SV40) promoter (Fig. 1). These data
confirm our earlier finding obtained by Southern analysis (6;
Dornburg and Temin, in press). Further, none of these
cDNA genes was flanked by direct repeats, and none of them
contained a poly(A) tract, as a result of the extensive 3'-end
truncations. No consensus sequence between these three
integrates could be found at the sites of integration. These
data suggest that integration occurred randomly and was not
mediated by the retroviral integrase, in agreement with our
previous suggestion (6).

Southern blot analysis of approximately 500 cDNA genes.
Formation of cDNA genes by retroviral infections is 7 to 8
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FIG. 2. Analysis ofcDNA genes formed after infection with retrovirus vector particles. (a) Structure of a hypothetical cDNA derived from

RD17 (see Fig. 1 and text). (b) Structures of three cDNA genes (A, B, and C) formed in our experiments. (c) Sequences of the junctions of
these cDNA genes with the chromosomal DNA. Sequences of the cDNA genes are boxed. Each number indicates the number of the
nucleotide in the parental RNA transcript from which the cDNA gene was derived. Negative numbers indicate the distance from the 3' end
[nucleotide position before the poly(A) addition site].

orders of magnitude less efficient than formation of a retro-
viral provirus (6). To increase the efficiency of cDNA gene
formation, we constructed retroviral vectors with an addi-
tional packaging sequence between the two internal promot-
ers. We found that the presence of the encapsidation se-
quence of murine leukemia virus (MLV) increased the
formation ofcDNA genes 100-fold (Dornburg and Temin, in
press). Approximately 500 independent cell colonies con-
taining hygro cDNA genes obtained in these experiments
were pooled (from 10 different plates with about 50 colonies
each), and chromosomal DNA was extracted and subjected
to Southern analysis.
The DNA was digested with BamHI plus HindIII, XbaI

plus HindlIl, and XbaI plus BgIIH. If the cDNA genes
formned in these experiments corresponded to full-length
mRNA, digestion with these enzymes and hybridization with
a hygro probe should result in bands of 2.0, 1.1, and 1.5 kbp,
respectively (the restriction enzyme map of a hypothetical
full-length cDNA gene is shown in Fig. 3A). Analysis of
chromosomal DNA isolated from the parental helper cell
(from which the virus was harvested) and digested with these
enzymes resulted in bands as expected (positive control;
Fig. 3B, lanes a, c, and e, respectively). However, no bands
could be detected when the chromosomal DNA of cells
containing hygro cDNA genes was digested with BamHI
plus HindlIl and with XbaI plus BglII (Fig. 3B, lanes b and
f, respectively). These data indicate that the majority of the
cDNA genes were truncated at the 5' and 3' ends, in
agreement with our previous findings (6; Dornburg and
Temin, in press). Further, these data establish that the pool
of colonies was derived from independent clones. This
conclusion is based on the finding that no clonal bands were
observed with these enzymes. Since we selected for hygro
expression in our experiments, an intact hygro gene (XbaI-
to-HindIlI fragment) was expected to be present in all cells.

The XbaI-plus-HindIII-digested DNA gave a 1.1-kbp band,
as expected (Fig. 3B, lane d).

Analysis of 3' ends of PCR-amplified cDNA genes. The
detection of a single or a few full-length cDNA genes in a
pool of about 500 by Southern blot analysis is below the
sensitivity level of this technique. To investigate whether
some of the cDNA genes formed by retroviral infections
contained the complete 3' end of the mRNA plus a poly(A)
tract, we amplified the 3'-end junctions of hygro cDNA
genes with the chromosomal DNA by PCR with two sets of
primers that selected for cDNA genes extending beyond the
BglII restriction enzyme site [located 145 bp upstream of the
poly(A) addition site; Fig. 3A]. The experimental strategy
for this DNA amplification (with one set of primers) is shown
in Fig. 4. (The same experimental protocol was applied with
a second set of primers that were specific for a region about
50 bp 5' of primers 1 and 2 shown in Fig. 4. In this
experiment, chromosomal DNA was digested with HhaI,
ligated, and linearized with EcoRI before amplification by
PCR.)
The application of this technique resulted in the isolation

of five cDNA genes that contained the BgIII site described
above. However, none of these sequences contained a
complete 3' end of the corresponding mRNA, and none
contained a poly(A) tract (Fig. 5). These data further indicate
that cDNA genes formed after infection with retrovirus
particles are truncated and do not contain a poly(A) tract.
To test this finding further, we performed additional PCR

experiments with the chromosomal DNA isolated from the
pool of about 500 cell colonies as follows. Two primers were
synthesized. One contained an oligo(dT) tract followed by
sequences specific for the 3' end of the mRNA transcribed
from the hygro gene (P1 in Fig. 6A); the other was specific
for sequences located 96 to 118 bp upstream of the putative
3' end of the putative mRNA (P2 in Fig. 6A). Under
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FIG. 3. Southern blot analysis of cDNA genes formed after
infection with retroviral vector particles containing an additional
encapsidation sequence of MLV (k). (A) Restriction enzyme map of
a hypothetical full-length cDNA gene. (B) Analysis ofDNA isolated
from a pool of approximately 500 colonies containing hygro cDNA
genes. Lanes: a and b, DNA digested with BamHI plus Hindlll
isolated from the helper cell (lane a) and the pool of infected target
cells (lane b); c and d, the same DNAs digested with XbaI plus
Hindlll; e and f, the same DNAs digested with XbaI plus BgllI.
Abbreviations are as in Fig. 1.

appropriate experimental conditions, polymerase-catalyzed
reactions should have resulted in the amplification of a
127-bp fragment even if only a singe colony contained a
hygro cDNA gene with a poly(A) tract (Fig. 6B).

In our experiments, no amplification of a 127-bp fragment
was observed (Fig. 6C, lane b). The bands longer than 200 bp
are interpreted as unspecific amplifications of A+T-rich
regions with primer 2. This interpretation is based on the
finding that the same bands were also observed in a D17
control DNA without hygro cDNA genes (Fig. 6C, lane c).
In further control experiments, RNA was isolated from virus
particles that had packaged hygro mRNA. cDNA was made
in vitro with avian mycloblastosis virus reverse transcriptase
primed with oligo(dT). This minus-strand cDNA should
contain all sequences corresponding to the 3' end of the
hygro mRNA plus an oligo(T) tract. Thus, hybridization of
primer 1 (Fig. 6A) and DNA polymerase reaction should
result in a double-stranded cDNA with a poly(A) tract.
Therefore, PCR of this cDNA with primers 1 and 2 would
result in the amplification of a 127-bp fragment. This band
was observed in two different experiments with cDNAs
made from RNA from virus particles isolated from two
different helper cell lines (Fig. 6C, lanes a and d).
The results of these experiments show that (i) the hygro

mRNA encapsidated in virus particles was processed as
postulated, coinciding with our earlier observations obtained

2

amplify by PCR a5
IL

/1-

digest with Pstl and insert in Smal / Pstl
site of pUC19 for cloning and sequencing
FIG. 4. Protocol for PCR amplification of integrated cDNA

genes (21). Chromosomal DNA isolated from a pool of approxi-
mately 500 cell colonies carrying hygro cDNA genes was digested
with Sau3AI and purified by HPLC from RNA and DNA fragments
smaller than 50 bp. The DNA was circularized with T4 ligase and
linearized with Sall. The linear DNA was amplified by PCR with
hygro cDNA gene-specific primers (arrows 1 and 2), digested with
PstI, and cloned into a SmaI-plus-PstI-digested pUC vector for
DNA sequencing. The Sau3AI (GATC) site in the hygro cDNA gene
is part of the BglIl (aGATCt) site shown in Fig. 3.

by Northern (RNA) blot analysis (6), and (ii) cDNA genes
formed after infection with retrovirus particles do not con-
tain a poly(A) tract.

Analysis of preintegration sites. The molecular cloning of
three hygro cDNA genes in lambda vectors also enabled us
to investigate the preintegration sites of the cDNA genes.
First, unique sequences next to the integrated hygro cDNA
gene were identified that were suitable as probes for the
restriction enzyme mapping ofchromosomal DNA by South-
ern blot analysis. Chromosomal DNA sequences next to the
integrated hygro cDNA gene were subcloned in pUC plas-
mid vectors. The inserts were purified, labeled, and hybrid-
ized to genomic DNA. In the case of two lambda clones,
unique sequences next to the integrated hygro cDNA gene
were found. The third cDNA gene was integrated into
repetitive DNA, and no unique sequences could be detected.
Chromosomal DNA of D17 cells, chromosomal DNA

containing the integrated hygro cDNA gene, and DNA of the
lambda clone were digested with several enzymes and

0 AAAAAM
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site and chromosomal DNA after integration of the hygro
cDNA gene were constructed (Fig. 7).
Comparison of the pre- and postrestriction enzyme maps

revealed the presence of restriction enzyme sites in the
prechromosomal DNA that could not be found after integra-
tion of the hygro cDNA gene (SacI, EcoRI, HindIII,
BamHI, and KpnI). These data indicate that a deletion was
present at the site of integration of the hygro cDNA gene into
the chromosomal DNA. Thus, the integration was associ-
ated with or occurred at the site of a deletion. This deletion
comprised at least 7 to 8 kbp of chromosomal DNA. Similar
results were obtained with the second integrated hygro
cDNA gene (data not shown).

-97

- .. TCGGATC

FIG. 5. Sequences of 3'-end junctions of hygro cDNA genes with
chromosomal DNAs. PCR-amplified DNAs (see Fig. 4) were cloned
into pUC vectors and sequenced. Sequences of the cDNA genes are
boxed. Negative numbers indicate the nucleotide position in the
parental RNA upstream of the poly(A) addition site. The Sau3AI
site in the chromosomal DNA is underlined. For further details, see
text.

enzyme combinations and subjected to Southern blot analy-
sis. Hybridization of all filters was performed with the
unique sequences described above. From the results of these
experiments, restriction enzyme maps of the preintegration

A

B

C

FIG. 6. PCR of hygro cDNA genes containing poly(A) se-
quences. (A) Sequence of a hypothetical hygro cDNA gene. (B)
Sequences of primers 1 and 2 (P1 and P2). PCR of chromosomal
DNA would result in the amplification of a 127-bp fragment if a
full-length hygro cDNA gene with a poly(A) tract was present. (C)
Result of the experiment outlined above. Lanes: a and d, amplifica-
tion of in vitro-synthesized cDNA of RNA purified from virus
particles; b, PCR of chromosomal DNA extracted from a pool of
about 500 cell colonies with hygro cDNA genes; c, PCR of chromo-
somal DNA purified from D17 cells without hygro cDNA genes.

DISCUSSION

Retrovirus particles can encapsidate cellular RNAs with-
out retroviral cis-acting sequences. These RNAs are reverse
transcribed and integrated in infected target cells to form
functional cDNA genes (6, 14; Dornburg and Temin, submit-
ted). We investigated hygro cDNA genes formed after infec-
tion of D17 cells with spleen necrosis virus vector particles.
The sequences of the 5' and 3' junctions to chromosomal
DNA of three integrated hygro cDNA genes were deter-
mined. We found that all three cDNA genes were truncated
at both the 5' and 3' ends. The truncations at the 3' end were
more extensive than those at the 5' end. The 3'-end trunca-
tions resulted in the loss of the suppressor tRNA gene that
was inserted in the vector for selective cloning in phages
with amber mutations. Since we selected for functional
hygro cDNA genes, we selected for an intact SV40 pro-
moter. This most probably accounts for the finding that two
hygro cDNA genes extended almost to the 5' end of the
parental mRNA. In the case of one cDNA gene, the en-
hancer region of the SV40 promoter was lost (Fig. 2B). None
of these three hygro cDNA genes contained a poly(A) tract,
and none was flanked by direct repeats.
During integration of retroviral DNA into the host ge-

nome, direct 4- to 6-bp repeats that abut the integrated
provirus are formed (30). The lack of direct repeats in cDNA
genes formed in our experiments suggests that integration
was not mediated by the retroviral integrase. This conclu-
sion is further supported by the finding that deletions of
chromosomal sequences are present at the site of integration
of two hygro cDNA genes. Such deletions are not found
after integration of retroviral DNA mediated by the viral
integrase (30). This conclusion also agrees with our earlier
proposal based on the comparison of growth curves of D17
cells infected with retrovirus particles containing a hygro
mRNA and retrovirus vector particles containing an RNA
with all retroviral cis-acting sequences (6). It might be
postulated that a full-length cDNA gene was integrated and
that deletions of chromosomal DNA after the integration
event resulted in truncated cDNA genes. However, we
consider it very unlikely that two independent deletions
occurred in the cDNA genes investigated after the integra-
tion, since there is no special mechanism for such deletions.

Naturally occurring processed pseudogenes of protein-cod-
ing genes usually correspond to full-length mature mRNAs
of their functional counterparts, contain a poly(A) tract, and
are flanked by direct repeats (27, 34). However, some
processed pseudogenes of protein-coding genes (approxi-
mately 5%) are truncated and do not have a poly(A) tract.
These truncations and the lack of the poly(A) tract in such
processed pseudogenes are considered to result from dele-
tions that occurred after their formation later in evolution
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FIG. 7. Restriction enzyme maps of chromosomal DNA containing a cDNA gene and of the chromosomal DNA before integration of the
hygro cDNA gene. The maps were obtained by digestion of chromosomal DNA and lambda clone DNA with several enzymes, followed by
Southern analysis. (A) Restriction enzyme map of the chromosomal DNA with the integrated cDNA gene. The hatched area indicates the
sequences that were cloned in lambda. The sequence used for hybridization is indicated by the solid box 3' of the integrated hygro cDNA
gene. (B) Restriction enzyme map of the chromosomal DNA before integration of the hygro cDNA gene. The restriction enzyme sites in the
shaded box were not present after integration of the hygro cDNA gene. A scale in kilobase pairs is shown at the top.

(27, 34). We further tested whether 3'-end truncations and
the lack of a poly(A) tract are general features of cDNA
genes formed after retroviral infections.
Approximately 500 independent hygro cDNA genes in

chromosomal DNA extracted from a pool of about 500 cell
colonies with hygro cDNA genes were investigated by
Southern blot analysis and PCR amplifications. Southern
blot analysis indicated that at least 95% of the hygro cDNA
genes did not contain a BglII site located 145 bp upstream of
the putative poly(A) addition site (Fig. 3). This finding
suggests that those cDNA genes had extensive 3'-end trun-
cations, coinciding with our earlier observations. PCR with
primers selecting for hygro cDNA genes that extended
beyond the BglI site led to the isolation of the 3' sequences
of five more hygro cDNA genes. All of them revealed
truncations at the 3' end, and no poly(A) tracts were found.
Further PCR experiments were performed to selectively
amplify a hygro cDNA gene with a poly(A) tract in the DNA
extracted from about 500 pooled cell colonies with hygro
cDNA genes. No hygro cDNA gene with a poly(A) tract
could be detected. (Similar PCR experiments proved to be
sensitive enough to detect a single human immunodeficiency
provirus in 1 of 105 infected cells [12].) Control experiments
established that the hygro mRNA was correctly polyadenyl-
ated and that the failure of detection of a hygro cDNA gene
with poly(A) was not due to inappropriate experimental
conditions.
Our data indicate that cDNA genes formed after infection

with retrovirus particles are truncated and do not contain a
poly(A) tract. Thus, the mechanism of their formation ap-
pears different from that of formation of naturally occurring
processed pseudogenes. A model for the formation of natu-
ral processed pseudogenes that accounts for the poly(A)
tract has been proposed (27). This model suggests that
natural processed pseudogenes are formed by the hybridiza-
tion of the poly(A) tail of mRNA to a T-rich single-stranded
region of chromosomal DNA after staggered chromosome
breaks (27). The T-rich chromosomal DNA tail may serve as
the primer, and cDNA synthesis of the RNA may take place
at the site of the integration. Alternatively, the T tail of a

minus-strand cDNA may hybridize to an A-rich region of
chromosomal DNA (16). In contrast, recent data suggest
that cDNA synthesis of retroviral RNA takes place in
RNA-protein complexes (retroviral core structures) and that
the double-stranded DNA copy of the retroviral RNA is
integrated after the completion of DNA synthesis (3; J.
Coffin, personal communication). Since the hygro mRNA
was encapsidated into retroviral cores, the hygro cDNA was
probably also synthesized in the core of the retroviral vector
particle. However, as a result of the lack of a specific
primer-binding site, the hygro cDNA might have been
primed randomly. This hypothesis is supported by the find-
ing that all hygro cDNA genes investigated were truncated,
and no consensus sequence at the integration sites was
found. Alternatively, the truncations may have occurred as a
result of unspecific integration of the double-stranded hygro
cDNA.

In summary, cDNA genes formed after infection with
retrovirus particles lack the hallmarks of naturally occurring
pseudogenes. Thus, we conclude that retroviral proteins
were not involved in their formation. This conclusion is
further supported by the recent discovery of a processed
pseudogene in plants that revealed all of the hallmarks of
pseudogenes found in animals (8). No genuine exogenous or
endogenous retroviruses are known in plants, although some
plant DNA viruses replicate through an RNA intermediate
(30). The recent discovery of reverse transcriptase genes in
bacteria (11, 13) suggests that this enzyme evolved very
early in evolution (22, 23, 25). Thus, a cellular reverse
transcriptase gene(s) may also be present in higher eucary-
otes and may still be involved in shaping the genome by the
retrotransposition of cellular RNAs. However, the 5% of
natural processed pseudogenes without poly(A) may have a
retroviral history and thus may represent a separate subclass
of pseudogenes.
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