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ABSTRACT  Defective interfering (DI) influenza viral RNAs
arise by internal deletion of progenitor RNAs. By using recom-
binant DNA cloning and DNA sequence analysis techniques, we
have deduced the complete sequence of two such RNAs (L2b and
L3), both arising from the same polymerase (P1) gene of WSN in-
fluenza virus. We have also partially determined the sequence of
the PI polymerase gene, including the sequence at the point of
deletion and the flanking regions. Our sequence study shows the
following. (i) Both L2b and L3 arise by a simple deletion in the P1
gene. (i) L2b and L3 are 683 and 441 nucleotides long, respec-
tively. (##) The first 413 and 244 nucleotides of the 5’ ends of L2b
and L3, respectively, are identical to those of the 5’ end of the PI
gene. {iv) The last 270 nucleotides of L2b and 197 nucleotides of
L3 are the same as those of the 3’ end of the PI gene. (v) The entire
sequence of L3 is present in the sequence of L2b. (vi) Both the 5’
and the 3’ termini, including the transcription stop and poly(A)
addition signals of the progenitor PI gene, are present in both L2b
and L3. (vii) The sequences at the deletion point and the flanking
region of the P1 gene do not resemble the consensus splicing se-
quence of spliced mRNA suggesting that a replicational event
rather than splicing is involved in the formation of influenza de-
fective interfering RNAs.

Influenza viruses produce defective interfering (DI) virus par-
ticles when passaged at high multiplicity (1, 2, 3). Influenza DI
viruses contain, in addition to other viral RNA segments, small
RNA molecules (DI RNA) not present in standard viruses (4).
These DI RNA molecules have been shown to be responsible
for interference (5) and have been found to be of widespread
occurrence and present in many stock virus preparations (6).
All influenza DI RNAs studied to date have been shown to arise
from either P1, P2, or P3 polymerase genes (4, 7). A single poly-
merase gene can give rise to DI RNAs of multiple size (7, 8).
Furthermore, each influenza DI RNA studied by us has been
shown to arise from internal deletion of a single polymerase
gene in which both the 3’ and the 5’ termini are preserved (9).

In our attempt to understand the biological and biochemical
properties of DI influenza viruses, including the generation of
influenza DI RNA, DI virus-mediated interference, and the
role of DI influenza viruses in the natural history of virus evo-
lution including antigenic variation, we have undertaken a de-
tailed structural analysis of both DI and viral RNA segments.
In this paper, we report the complete sequences of two DI
RNAs (L2b and L3) and compare them to the partial sequence
of the P1 gene (the progenitor of both L2b and L3).
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MATERIALS AND METHODS

Virus and Cells. A/WSN/33 strain of influenza virus was
grown as in Madin-Darby bovine kidney (MDBK) cells as de-
scribed (4, 10). RNA was isolated from ts52 virus, a group 2 tem-
perature-sensitive mutant (11) of the WSN strain and used for
recombinant DNA cloning of viral polymerase genes (P1, P2,
and P3). To obtain DNA clones of influenza DI RNA segments,
RNA was isolated from purified DI virus prepared from virus
clone L, which gives rise to four major DI RNAs, L1, L2a, L2b,
and L3 (8-10). L2b and L3, the two DI RNA segments reported
in this paper, are both of PI origin and are =700 and 400 nu-
cleotides long, respectively (8, 9).

Recombinant DNA Cloning. Procedures used for cloning of
double-stranded DNA forms of polymerase RNA and DI RNAs
were essentially as described (12). Avian myeloblastosis virus
reverse transcriptase (Life Sciences, St. Petersburg, FL) was
used to prepare a cDNA copy of either ts52 viral RNA that had
been enriched for the polymerase genes (12) or of total DI/L
RNA (8, 9). Single-stranded cDNA species corresponding in
size to the polymerase genes or L2b or L3 RNAs were isolated
from alkaline agarose gels (13). Double-stranded DNA was pre-
pared from single-stranded DNA by using the Klenow fragment
of DNA polymerase, treated with nuclease S1, fractionated on
a1.4% neutral agarose gel as described (12), and cloned in Esch-
erichia coli 294 using pBR322 as vector (14). Plasmid DNA from
individual clones was isolated (15). Subsequently, DNA from
each clone was denatured, applied to nitrocellulose filters, and
hybridized with either a **P-labeled specific DI RNA or a nick-
translated insert of a known polymerase or other influenza gene
(16).

Clones containing the PI gene were identified by their size
[~2200 base pairs (bp)] and by hybridization to L2b or L3, as
these RNAs are easily separable and of PI origin (8). In this way,
clones 1-39b and 1-72b, containing inserts of =2200 bp and 2400
bp, respectively, were found to be of P1 gene origin. Similarly,
clones D2-8 and D2-62 were identified as clones of L3 and clone
D1-3 was of L2b.

All work was done in accordance with National Institutes of
Health guidelines for recombinant DNA research.

DNA Sequence Analyses. DNA sequence analyses were car-
ried out by the procedure of Maxam and Gilbert (17). The se-
quence at the 5’ end of the viral RNA that was absent in the
DNA insert was determined by primer extension (18). In the
case of the PI gene, a standard viral RNA preparation free from
visible DI RNA was used as a template to extend a primer

Abbreviations: DI, defective interfering (RNA); bp, base pair(s).
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(HinfI-Bgl Il isolated from 1-72b) uniquely labeled at the Hinf1
site (see Fig. 1A4). Similarly, the sequence of L3 RNA was com-
pleted by using a Taq I-Alu I restriction fragment (see Fig. 1C)
as the primer and DI/L RNA as the template. cDNA prepared
by this method was analyzed by Maxam and Gilbert procedure
(7).

RESULTS

Sequence Analyses of L2b, L3, and PI Gene RNAs. The PI
gene is =2450 nucleotides long and its sequence has been par-
tially determined (Figs. 1A and 2). The inserts of clones 1-39b
and 1-72b used in the sequence analyses are <2200 and 2400
bp long, respectively. Both clones are complete at the 3' end
of the viral RNA but lack various amounts of the 5' end. The
sequence at the 5’ end was completed by extending the
Hinf1-Bgl 11 fragment labeled at the HinfI (Fig. 1A) site.

The L2b sequence was determined essentially as described
above but using the insert of clone D1-3. The restriction sites
and the strategy used in the sequence analysis are shown in Fig.
1B and the complete sequence is shown in Fig. 2. Clone D1-
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3 is complete at the 3' end and contains all but the last 13 nu-
cleotides from the 5' end, which was obtained by directly de-
termining the RNA sequence (9).

The L3 sequence was determined by analyzing inserts of
clones D2-8 and D2-62 and completed by primer extension
(Figs. 1C and 2). Both clones were complete at the 3’ end of
the viral RNA but clone D2-8 lacked 32 nucleotides and clone
D2-62 lacked 31 nucleotides at the 5’ end. The complete se-
quence at the 5’ end of the viral RNA was obtained by extension
of the Taq I-Alu I primer uniquely labeled at the 5’ end of the
Tagq I site (Fig. 1C). Thus, both the 5' and the 3’ termini and
the rest of the sequences of P1, L2b, and L3 were determined
independently. The terminal sequences in all cases contain the
common 5'- and 3'-end sequences reported previously (19) and
are similar to the terminal sequences of DI RNA obtained pre-
viously by direct RNA sequence analyses (9) and to the partial
sequence of the P1 gene of fowl plague virus (20).

Sequence Relationships Among L2b and L3 RNAs and the
PI Gene. L2b and L3 RNAs are 683 and 441 nucleotides long
and correlate fairly well to the size expected from gel analysis
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Fic. 1. Strategy used in sequence analyses of cloned PI RNA (4), L2b RNA (B), and L3 RNA (C). <, Composite sequence information obtained
from multiple gels. Sequences at the 5’ ends of PI and L3 RNAs were completed by primer extension. The HinfI-Bgl I primer (0—) was extended
by using reverse transcriptase to complete the 5'-P1 sequences missing in the DNA clones. The Taq I-Alu I primer (8—) was extended to complete
the 5'-L3 sequence that was absent in DNA clones (Hinfl/Taq I is a part of the same site.) | : a and b, junction points in the PI gene of DI L3

sequences; X and y, junction points of DI L2b sequences.
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WSN P1
DI L2B
DI L3
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AGUAGAAACAAGGCAUUUUUUCAUGAAGBACAAGCUAAAUUCACUAUUUUUGCCGUCUGA
AGUAGAAACAAGGCAUUUUUUCAUGAAGGATAAGCUAAAUUCACUAUUULUGCCGUCUGA
AGUAGAAACAAGGCAUUUUUUCAUGAAGGACAAGCUAAAUUCACUAUUUUUGCCGUCUGA

BCUCUUCAAUGGUGGAACAGAUCUUCAUGAUCUCABGUGAACUCCUCUUUCUUUAUCCUUC
GCUCUUCAAUGGUGGAACAGAUCUUCAUGAUCUCAGUGAACUCCUCUUUCUUUAUCCUUC
GCUCUUCAAUGGUGGAACAGAUCUUCAUGAUCUCAGUGAACUCCUCUUUCUUUAUCCUUC

CAGAUUCGAAAUCAAUUCGUGCAUCAAUUCGGGCUCUGGAAACCAUAGCCUCCACCAUAC
CAGAUUCGAAAUCAAUUCGUGCAUCAAUUCGGGCUCUGGAAARCCAUAGCCUCCACCAUAC
CAGAUUCGAAAUCAAUUCGUGCAUCAAUUCGGGCUCUGGAAACCAUAGCCUCCACCAUAC

UGGAUAUCCCGACUGGUCUUCUGUAUGAACUGCUGGGGAAGAAUUUUUCAAAUAAGUUGC
UGGAUAUCCCGACUGBUCUUCUGUAUGAACUBCUGGGGAAGAAUUUUUCAAAUAAGUUGC
UGGAUAUCCCGACUGGUCUUCUGUAUGAACUGCUGGGGAAGAAUUUUUCAAAUAAGUUGC

AGCACUUUUGGUACAUUUGUUCAUCUUCAAGUAUUCCUCUUUGGCUUGUAUUCAAGAUGE
AGCACUUUUGGUACAUUUGUUCAUCUUCAAGUAUUCCUCUUUGGCUUGUAUUCAAGAUGS
AGCA

AUCGAUUUCUUUUGGGGAUCCAGGAGUGUGUUGUUGCAACAGCAUCAUACUCCAUGUUUY
AUCGAUUUCUUUUGGGGAUCCAGGAGUGUGUUGUUGCAACAGCAUCAUACUCCAUGUUUL

UGGCUGGACCAUGUGCUGGCAUUAUCACUGCAUUGUUCACUGAUUCAAUGUCUUUAUGGU
UGGCUGGACCAUGUGCUGGCAUUAUCACUGCAUUGUUCACUGAUUCAAUGUCU

UGACAAUGGGUUCAGUGGGUUGCAUAAACGCCCCUGGUAAUCNNNNNNNNNNUGGGAUUC

CUCAAGGAAGGCCAUUGCUUCCAAUACACAAUCUGUUUGGGCAUAACCACUUGGUUCAUY
AUAACCACUUGGUUCAUU

GUCUUCUGGCAGUGGCCCAUCAAUCGGGUUGAGUUGCGGUGCUCCAGUUUCGGUGUUUGY
GUCUUCUGGCAGUGGCCCAUCAAUCGGGUUGAGUUGCGGUGCUCCAGUUUCGGUGUUUGY
- uuuGy

UGUCCAUCUUCCCCUUUCUGAGUACUGAUGUGUCCUGUUGACAGUAUCCAUGGUGUAUCC
UGUCCAUCUUCCCCUUUCUGAGUACUGAUGUGUCCUGUUGACAGUAUCCAUGGUGLAUCC
UGUCCAUCUUCCCCUUUCUGAGUACUGAUGUGUCCUGUUGACAGUAUCCAUGGUGUAUCC

UGUUCCUGUCCCAUGGCUGUAAGGAGGGUCUCCAGUAUAAGGGAAAGUUGUGCUUAUAGC
UGUUCCUGUCCCAUGGCUGUAAGGAGBGUCUCCAGUAUAAGGGAAAGUUGUGCUUAUAGC
UGUUCCUGUCCCAUGGCUGUAAGGAGGGUCUCCAGUAUAAGGGAAAGUUGUGCUUAUAGC

AUUUUGUGCUGGCACUUUUAAGAAAAGUAAAGUCGGAUUGACAUCCAUUCAAAUGGUUUG
AUUUUGUGCUGGCACUUUUAAGAAAAGUAAAGUCGGAUUGACAUCCAUUCAAAUGGUUUG
AUUUUGUGCUGGCACUUUUAAGAAAAGUAAAGUCGGAUUGACAUCCAUUCAAAUGGUUUG
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Fic. 2. Complete nucleotide sequences of L2b and L3 and partial sequence of PI gene (minus strand) viral RNAs. ---, Regions that are absent
in L2b and L3 RNAs; N-N-N-N-N-N-N, undetermined sequence of =1660 nucleotides. Numbers indicate numbers of nucleotides; those for the P1

gene are approximate. (See Note Added in Proof.)

(8). We have shown earlier by oligonucleotide mapping and
direct sequence analyses of 5' and 3' RNA termini that L2b and
L3 RNAs contain the 5’ and 3’ ends of the PI gene and that L2b
RNA contains all the oligonucleotides present in L3 RNA. How-
ever, these earlier studies would not have recognized any al-
tered RNA sequence due to either base change or deletion un-
less it affected the unique T1 oligonucleotides. In addition, the
exact location of deletion, the extent of deletion, or the number
of deletions could not be determined.

The present study shows that, in both cases, a single deletion
of varying size gives rise to L2b and L3 RNAs. In L2b viral RNA,
413 nucleotides at the 5’ end and 270 nucleotides at the 3’ end
are identical to those of the PI gene. Similarly, L3 RNA arises
from the fusion of 244 nucleotides of 5’ end to 197 nucleotides
of 3’ end of the P1 gene. Our sequence data also show that there
is not a single mismatch in the homologous region of L2b, L3,
and PI gene RNAs—even though the PI clones were obtained
from a different preparation.

Based on the size, charge, and sequence information we can
identify and order six unique oligonucleotide spots in L3 RNA
(8). These are 5'-111-H5- | -16-J15-D1-G4-3’ (| , fusion point).
These oligonucleotides are present in all DI RNAs—i.e., Bl,
P1, L2b, and ts* 1—of PI gene origin (8). Thus, as in L2b RNA,
the entire sequence of L3 RNA is likely to be present in all larger
DI RNAs arising from the P1 gene, suggesting that some of these

sequences may have an important functional role in either the
viral RNA replication or assembly and maturation.

DISCUSSION

Based on structure, DI RNAs can be classified as 5' DI RNA,
3’ DIRNA, or 5',3' DI RNA depending on whether one or both
termini of the genomic RNA is preserved in the DI RNA (21).
In addition, a class of mosaic (or compound) DI RNA that con-
tains additional structural rearrangements has been demon-
strated (22, 23, 24). The majority if not all of influenza DI RNAs
are of the 5’,3' type (3), and the sequences reported here es-
tablish that two influenza DI RNAs are overlapping DI RNAs
and arise from a simple deletion in the genomic RNA without
a single mismatch or a structural rearrangement. The primary
structures of these influenza DI RNAs are, therefore, clearly
different from the majority of other positive- and negative-
strand DI RNAs. An « virus (positive-strand) DI RNA, whose
complete nucleotide sequence has been published recently,
contains multiple deletions, duplications, and structural rear-
rangement (24). On the other hand, the majority of the rhab-
dovirus or paramyxovirus (negative-strand) DI RNAs are 5’ DI
RNAs of panhandle or snapback type while a few belong to the
5',3' type, or the mosaic type (21, 25, 26, 27). However, the
precise locations and numbers of deletions, as well as the nu-
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Table 1. Deletion sites, junction sites, and 5’ and 3’ termini of L2b and L3 RNAs

Site RNA Sequence

Deletion L3 Viral 5’ U-G-G-A-G-C-A | C-U-U-U-U-G-G . . . U-U-U-C-G-G-U-G | U-U-U-G-U-U-G 3’
L3 Complementary 3’ A-C-C-U-C-G-U | G-A-A-A-A-C-C. . . A-A-A-G-C-C-A-C |A-A-A-C-A-AC5'

Junction L3 Viral 5’ U-G-G-A-G-C-A | U-U-U-G-U-U-G 3’
L3 Complementary 3’ A-C-C-U-C-G-U | A-A-A-C-A-A-C5’

Deletion  L2b Viral 5' A-A-U-G-U-C-U | U-U-A-U-G-G-U. . . U-U-U-G-G-G-C | A-U-A-A-C-C-A 3’
L2b Complementary 3’ U-U-A-C-A-G-A | A-A-U-A-C-C-A . . . A-A-A-C-C-C-G | U-A-U-U-G-G-U 5’

Junction  L2b Viral 5' A-A-U-G-U-C-U | A-U-A-A-C-C-A 3’
L2b Complementary 3’ U-U-A-C-A-G-A | U-A-U-U-G-G-U 5

Termini Viral 5' A-G-U-A-G-A-A-A-C-A-A-G. . . C-C-U-G-C-U-U-U-C-G-C-U 3’
Complementary 3' U-C-A-U-C-U-U-U-G-U-U-G. . . G-G-A-C-G-A-A-A-G-C-G-A 5’

cleotide sequences at the junction points or at the flanking re-
gions of the parenteral genome involved in deletion have not
been determined.

A complete sequence analysis also provides some insight into
the possible mechanism of the genesis of influenza DI RNAs
and the mode of interference. For example, it is unlikely that
RNA splicing is involved in the generation of influenza DI RNAs
because the consensus donor or acceptor sequences (5’ . . . A-
Gl G-U. . .A-G| G-N; ref. 28) are absent at the deletion
points of either viral or complementary RNA of PI gene (Table
1). On the other hand, an aberrant replicational event that in-
volves omission of a portion of a template RNA during the rep-
lication of either the viral or the complementary RNA is a likely
possibility (21). In this model, a polymerase(s) that has an at-
tached nascent chain may detach and reinitiate either at a spe-
cific sequence or at a secondary structure or may simply roll
over to another site due to the juxtaposition of distant RNA se-
quences produced by secondary structure (21). Furthermore,
the sequence data rules out that influenza DI RNAs must con-
tain a constant amount of either the 5’ end or the 3’ end of the
genomic RNA (Fig. 3 A and B) but supports that both the 5’ end
and the 3’ end can vary (Fig. 3C). Although both L2b and L3
RNAs contain a single deletion in the genomic RNA, the pos-
sibility of multiple deletions that have been reported for posi-
tive-strand viral DI RNAs (29) cannot be ruled out for other DI
RNAs. In addition, although such events are rare, this model
does not rule out strand switch (i.e., plus to minus or vice versa)
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Fic. 3. Generation of 5’,3' DI RNAs. @ and @, 5’ and 3’ ends of
progenitor viral RNA (Upper); ——-, region of progenitor viral RNA
that has been deleted; ——, region of progenitor RNA that has been
preserved. (A) Constant amount of RNA 5’ sequence and varying
amount of RNA 3’ sequence. (B) Varying amount of RNA 5’ sequence
and constant amount of RNA 3’ sequence. (C) Varying amounts of both
RNA 5’ and RNA 3’ sequences.

or a segment switch (i.e., from one viral RNA segment to an-
other viral RNA segment in a segmented viral genome) in the
generation of DI RNA (22, 23).

The mechanism by which DI viruses interfere remains un-
clear. It has been proposed that, since 5' DI RNAs lack the
proper 3’ leader sequence required for transcribing messages
both in vitro (30) and in vivo (31), they replicate more efficiently
and, therefore, interfere competitively with the genomic RNA
(32, 33). However, both influenza DI RNAs (L2b and L3) con-
tain a significant amount of the 5’ and 3’ terminal sequences
of the P1 gene, including the proposed transcription termina-
tion and poly(A) addition signals (U-U-U-U-U-U, position
16-21; ref. 34). Whether these DI RNAs can be transcribed in
infected cells is as yet unknown. If DI mRNAs are transcribed,
these and other 5,3’ DI RNAs may interfere by a mechanism
different from the one proposed for 5 DI RNAs (32). If, on the
other hand, they are not transcribed, structures other than the
termini of viral RNA are required for transcription.

The coding potentials of L2b and L3 plus-strand RNAs in all
three reading frames are shown in Fig. 4. Only one reading
frame (1, Fig. 4) beginning with AUG (methionine) codon (po-
sition 657-659, DI L2b, and position 415-417, DI L3; see Fig.
2) remains open up to the junction point. Similarly, after the
junction point, only one reading frame is open (3, DI L3, and
2, DI L2b; Fig. 4). A complete sequence analysis of P1 gene
would determine whether these uninterrupted reading frames
really belong to a single reading frame and code for the P1 pro-
tein. However, since L2b and L3 RNAs do not maintain the
same reading frame after junction point, they are unlikely to
produce a common functional protein.

The complete sequence analysis of the influenza DI RNAs
reported here and that of the a virus DI RNA (24) show that
the primary structure of the DI viral genome may vary widely
and, furthermore, suggest that this variation in the structure

+) 5'A B 3
1 - y
2 —ty ¥,
3 e"’ H—

1 B 1
D R >
R \ 2 P,

A
3 ¥ + ‘l‘ #

FiG. 4.Putative translation reading frames of L2b (Lower) and L3
(Upper) DI complementary RNAs. |, Position of terminator on DI com-
plementary RNA. | : A, first AUG codon in reading frame; B, point
of deletion.
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may reflect different modes in the genesis of DI RNAs and in
the mechanism of interference.

Note Added in Proof. The complete (2341 nucleotides) sequence of the
P1 gene has been determined recently. L2b has a 1658-nucleotide-long
deletion (position 414-2071) and L3 has a 1900-nucleotide-long deletion
(position 245-2144) of the PI gene.
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