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We have monitored the evolution of insertions in two MS2 RNA regions of known secondary structure where
coding pressure is negligible or absent. Base changes and shortening of the inserts proceed until the excessive
nucleotides can be accommodated in the original structure. The stems of hairpins can be dramatically extended
but the loops cannot, revealing natural selection against single-stranded RNA. The 3* end of the MS2 A-protein
gene forms a small hairpin with an XbaI sequence in the loop. This site was used to insert XbaI fragments of
various sizes. Phages produced by these MS2 cDNA clones were not wild type, nor had they retained the full
insert. Instead, every revertant phage had trimmed the insert in a different way to leave a four- to seven-
membered loop to the now extended stem. Similar results were obtained with inserts in the 5* untranslated
region. The great number of different revertants obtained from a single starting mutant as well as sequence
inspection of the crossover points suggest that the removal of redundant RNA occurs randomly. The only
common feature among all revertants appears the potential to form a hairpin with a short loop, suggesting that
single-stranded RNA negatively affects the viability of the phage. To test this hypothesis, we introduced XbaI
fragments of 34 nucleotides that could form either a long stem with a small loop or a short stem with a large
loop (26 nucleotides). The base-paired inserts were perfectly maintained for many generations, whereas the
unpaired versions were quickly trimmed back to reduce the size of the loop. These data confirm that single-
stranded RNA adversely affects phage fitness and is strongly selected against. The repair of the RNA genome
that we describe here appears as the result of random recombination. Of the plethora of recombinants, only
those able to adopt a base-paired structure survive. The frequency with which our inserts are removed seems
higher than measured by others for small inserts in a reading frame in Qb RNA. To account for this higher
frequency, we suggest models in which the single-stranded nature of our inserts induces random recombination
at the site of the insertion.

The single-stranded RNA coliphages are among the smallest
known viruses. Their compact genomes vary between 3,500
and 4,200 nucleotides (nt) in size and code for four proteins
which take up about 90% of the space. The other 10% is
noncoding but contains important elements for replication and
translation. The RNA is highly base paired and adopts a spe-
cific secondary structure, much of which is conserved among
the different phage groups (2, 23, 29, 30). Secondary structure
is assumed to play an important role in many aspects of the life
cycle of the phage. Apart from protecting against degradation
by RNases and condensing the RNA to fit the virus shell,
secondary structure also regulates translational initiation, pro-
vides binding sites for viral proteins, and facilitates strand
separation during replication (1, 27, 31).
Because of the lack of proofreading by the viral replicase,

reproduction has a high error rate, and misincorporation fre-
quencies of 1023 to 1024 are typical (7). As a consequence, the
genome is a mixture of related sequences which is referred to
as a quasi-species (5, 9). Natural selection is likely to maintain
the consensus sequence, which explains why, for example, Qb
isolates have hardly changed during several decades of labo-
ratory culture (14, 30).
RNA viruses are able to repair distortions in their genomes

by a variety of mechanisms which include reversion, pseudor-
eversion, and recombination. In the past, the high reversion

frequency in RNA phages has masked the occurrence of re-
combination, and for a long time it was thought that RNA
recombination did not occur in these creatures (12). However,
the discovery of autocatalytic templates of Qb replicase com-
posed of heterologous sequences was a strong indication for
the existence of recombination (18–20). More recently, in vitro
RNA recombination by Qb replicase was demonstrated when
a self-replicating RNA (SV-11) could be generated from an-
other (MNV-11) by a duplication event (3). Homologous re-
combination was proposed to account for the reversion of Qb
deletion and insertion mutants in the replicase gene (26). In
these experiments, the repair of the Qb replicase gene always
resulted in wild-type recombinants because of the strong se-
lection pressure on the coding sequence. Distortions of reading
frames are therefore not generally suitable to reveal other
recombinants or other types of selection pressure, for instance,
those acting on the secondary structure of the RNA.
To examine this point in more detail, we have made inser-

tions in regions of the MS2 genome where selection pressure
on the reading frame is weak or absent and where we know the
secondary structure from probing data and phylogenetic com-
parison (10, 29). Using an infectious DNA copy of MS2, we
introduced fragments ranging in size from four to several hun-
dreds of nucleotides in the 39-terminal nucleotides of the A-
protein gene and in the 59 noncoding region. These inserts
decrease the titer of the infectious clone by several orders of
magnitude. Passaging of the recombinants raises the titer in
parallel with the reduction and molding of the insert. Inspec-
tion of the remnant sequences in revertants shows that, in
general, excision is not guided by any sequence homology but
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appears as a random event. Furthermore, inserts are not re-
moved when the RNA is predicted to adopt a base-paired
structure. The experiments show that selection pressure acts
against long regions of single-stranded RNA.

MATERIALS AND METHODS

Bacterial strains. All plasmids in this study carry the pL promoter of phage l
and were grown in Escherichia coli K-12 strain M5219 [M72 lacZ(Am) trp(Am)
Smr (lbio252cI857 DH1], encoding the thermosensitive l repressor (cI857) and
the transcription antitermination factor N (28). Evolution of phages was allowed
to occur in Escherichia coli F1 strain GM-1 (F9 lacIq, pro/ara Dlac-pro thi) (16).
Both strains were grown on LC broth (24).
Insertions in the XbaI site at position 1303. Insertions were made in the

infectious cDNA clone pMS2000, the construction of which will be described
elsewhere, or in plasmids pMS2029 and pMS2031, which are derivatives of
pMS2000 that carry the silent marker mutations U-13613C and A-13793G;
pMS2029 has an additional U-13733C substitution. These substitutions are
stably maintained in the MS2 phage (24). The XbaI site, position 1303 in the MS2
genome, is located directly upstream of the stop codon of the A-protein gene
(Fig. 1). Mutant plasmids pMS.L and pMS.M were obtained by inserting XbaI
fragments of ;300 and 122 bp in pMS2029 and pMS2031, respectively. These
fragments were picked up during the construction of pMS2000 mutants and
probably derive from the E. coli chromosome. The complete sequence of the
122-bp fragment was determined, and the 300-bp insert was partially sequenced.
No sequence homology with any entry in the GenBank (release 87.0) was found
for either fragment. The sequence of the pMS.M insert (a potential stop codon
is underlined) is

. . . . . .
CTAGAACCATTATCTAAAGTTGAGCCAAAAGAGCTCAAGTTGAGTATTTTTCTAAAAGTC
ACGTGGAAATAATAAAGATTAGACAGTTTTGATGGAAATAAATGCAGATTTTAAAATAAC
TT

The sequence of the pMS.L insert is

. . . . . .
CTAGAGTTATTCTTCTCTCCTCATATTCAAAATTATCTTATGATGCTATCATAATTGAAA
GATTAGCCAGGGACCCTATCATGGCTATGGCAGTCATGTCCTGTGAAAAATTCCATTAAA
GGACCTCC...;100 bp...GGACTTTCTCCTTGTCTACCTTCCTCAGTGGAGAGTCCA
CCTGCTGGTAGTGCACTCCTTAGGTGCCTGTCTCTGGGCTGTCCTGTGCCACCTGCACAG
AGTCATGCATGAGCTCCACTGTGGGAAGTCT

For construction of the 34- and 68-bp insertion mutants, the following pairs of
oligonucleotides were used: A (59CTAGATAGAACTCCTAACTAACAACTA
ACCAAAT) and B (59CTAGATTTGGTTAGTTGTTAGTTAGGAGTTCT

AT); and C (59CTAGATAGAACTGCTAGCTAACTAGCTGTTCTTT) and D
(59CTAGAAAGAACAGCTAGTTAGCTAGCAGTTCTAT) (bases in boldface
mark an NheI restriction site). Phosphorylated oligonucleotides C and D were
heated for 5 min at 908C in 20 ml of ligation buffer and slowly cooled to room
temperature. Subsequently, XbaI-digested pMS2031, ATP, and T4 DNA ligase
(New England Biolabs) were added, and the total mixture incubated overnight at
148C. The ligation mixtures were precipitated with ethanol, and the pellets were
dissolved in distilled water. About one-quarter of this solution was transformed
to M5219 cells by means of electroporation (12.5 kV/cm; Cellject). Kanamycin-
resistant transformants were tested for phage production by replicaplating on a
lawn of GM-1 F1 cells. About two-thirds of the transformants produced phages.
From 24 of these, DNA was isolated and incubated with NheI. Clones containing
an NheI site were analyzed by DNA sequencing. Both orientations of the mo-
nomeric inserts, pMS.C (with C in the coding strand) and pMS.D (with D in the
coding strand), as well as the double inserts pMS.E and pMS.G, which contain
duplications of C and D, respectively, were obtained.
Plasmids pMS.A and pMS.B (with oligonucleotides A and B, respectively, in

the coding strand) were obtained in the same way except that XbaI-digested
pMS2031 was simply coprecipitated with nonphosphorylated oligonucleotides A
and B before ligation.
Phages generated by cells harboring pMS.A, pMS.B, pMS.C, pMS.D, pMS.E,

or pMS.G are designated A.n, B.n, C.n, D.n, E.n, or G.n, respectively, where n
5 0 specifies the starting mutants. Their evolutionary offspring are indicated as
A.1, A.2, etc. This numbering is arbitrary and does not necessarily imply an
evolutionary route. Likewise, phages obtained from pMS.L and pMS.M are
identified by the letters L and M, respectively. Sometimes, the single-letter code
is used for simplicity to indicate the starting mutant.
Insertions in the 5* UTR. Insertion mutants in the 59 untranslated region

(UTR) were made via pPLaMS22, which was originally constructed for expres-
sion studies on the maturation gene (10). This plasmid contains the MS2 se-
quence from positions 1 to 1303 and confers kanamycin resistance. A 99-bp AflIII
fragment from gene I of M13 (positions 3619 to 3717) was inserted in both
orientations in the NcoI site of pPLaMS22 (position 78 of the MS2 genome). The
two resulting clones are designated pHG227 and pHG229; the latter contains the
gene I fragment in the sense orientation. Phages with inserts were obtained by
transforming pHG227- or pHG229-containing cells with pPLc236/2, which car-
ries MS2 cDNA information from position 103 to the 39 end and the bla gene for
ampicillin resistance. Because of the considerable overlap in MS2 information
between the two plasmids (the region from position 103 to 1303), genetic re-
combination at the DNA, but more likely at the RNA, level can occur, giving rise
to the desired mutant phages. This procedure will be described in more detail
elsewhere. Transformants resistant to both ampicillin and kanamycin were grown
in 2.5 ml of LC plus both antibiotics. After overnight growth at 288C, 10 ml of
supernatant from each culture was screened for the presence of phages. In these
aliquots, no phage could be detected. The overnight cultures were therefore
pooled and treated with lysozyme. From pHG227/pPLc236 cells, approximately
1 PFU/ml of culture was obtained. pHG229/pPLc236 cells produced ,0.5 PFU/
ml. Control experiments with the wild-type pPLaMS22 vector (positions 1 to
1303) typically yielded titers of 106 PFU/ml, indicating that recombination does
indeed occur and that the M13 insert in either orientation drastically reduces
phage production. Phages derived from pHG227/pPLc236 and pHG229/pPLc236
cells are designated P.1, P.2, etc., and Q.1, Q.2, etc., respectively.
Sequence analysis. Plasmid DNA was sequenced by the dideoxynucleotide

chain termination method, using a T7 sequencing kit (Pharmacia). Phage RNA
was isolated and sequenced by reverse transcription as described before (24). For
the 59 UTR mutants, an oligonucleotide (DUI360) complementary to bases 146
to 167 was used. Mutations in the XbaI site were sequenced by using an oligo-
nucleotide complementary to bases 1409 to 1422 (DUI59).
Recording phage evolution. The procedure to monitor phage evolution has

been described in detail elsewhere (24, 25). Briefly, mutant phages were pro-
duced by overnight growth at 288C of E. coli M5219 containing a plasmid with
mutant MS2 cDNA. Part of the supernatant was plated on lawns of GM-1 F1

cells. Phages derived from single plaques were amplified in a fresh liquid culture
of GM-1 cells to obtain sufficient material for sequence analysis. We define
growth in M5219 cells as cycle 1, the first growth as plaques in GM-1 cells as cycle
2, and the first growth in liquid cultures of GM-1 cells as cycle 3. Subsequent
infection cycles started with the inoculation of GM-1 cultures with 1 ml (106 to
108 phage) of supernatant of the previous cycle and ended after overnight growth
at 378C. The multiplication factor of one cycle is about 1,000.

RESULTS

The system. A complete cDNA copy of phage MS2 or a
mutant thereof is present on a plasmid under transcriptional
control of the thermoinducible promoter pL from phage l. The
plasmid is maintained in a bacterial strain that does not pro-
duce F pili and thus cannot be reinfected from without. Over-
night growth of a bacterial culture containing the plasmid
yields phage (even without induction of the promoter) which
are released into the medium. This supernatant is diluted and

FIG. 1. Genetic map of bacteriophage MS2 showing sites used for inserting
extra nucleotides. A, C, L, and R represent the genes for the A (or maturation),
coat, lysis, and replicase proteins, respectively. N and X indicate restriction sites
for NcoI and XbaI, present in MS2 cDNA. The RNA secondary structure at
these positions was deduced by Groeneveld et al. (10) and Skripkin et al. (28).
Sequences corresponding to the NcoI and XbaI sites are presented in boldface
italics. The stop codon of the A gene is boxed.
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plated on lawns of GM-1 cells, which carry F pili. Evolution is
then further pursued in liquid medium by inoculation of GM-1
with phages derived from a single plaque as described in Ma-
terials and Methods section. The wild-type MS2 cDNA plas-
mid produces about 1011 PFU per ml of culture during over-
night growth.
Insertions in the 3* end of the A-protein gene. To test the

tolerance and flexibility of the MS2 RNA genome, we made
insertions in the 39 end of the A-protein gene (Fig. 1). This
region forms a small hairpin structure with an XbaI sequence
in the loop (29). Via the infectious MS2 cDNA clone, XbaI
fragments of;300 and 122 bp were inserted. The 122-nt insert
is AU rich and was predicted by MFOLD (13) not to rearrange
the MS2 RNA folding but to be present as a structure of its
own on top of the terminator hairpin. The resulting plasmids,
pMS.L and pMS.M, encode phage mutants L and M, respec-
tively. The inserts caused a 103- to 104-fold reduction in the
titer of the infectious clone (Table 1).
Several randomly picked plaques obtained from pMS.L and

pMS.M were amplified in liquid cultures of F1 cells. After
overnight growth at 378C, these lysates had again titers of
about 5 3 1011 PFU/ml, similar to that of wild-type phages.
Phage RNA from 11 descendants was characterized, and their
sequences at the site of the insertion are shown in Fig. 2. None
of the phages had retained the insert, nor had any developed
the wild-type sequence, although this can be achieved by ho-
mologous recombination at the XbaI site on a repeat of six and
eight bases in mutants L and M, respectively. Instead, in the
individual phages, the insert had been reduced to different
extents. There is no apparent relationship between size or
sequence of the insert and the end products, but all of the
inserts are trimmed back to 13 or fewer nt. From the viewpoint
of RNA secondary structure, the size and choice of the deleted
sequence can, however, be readily understood. All deletions
allow the revertants to form a hairpin with a loop of 4 to 7 nt
(Fig. 3). This size corresponds to what is statistically preferred
in hairpin loops in phage RNA (our unpublished observation).
In most of the revertants, the XbaI repeat serves to extend the
stem. The presence of extra nucleotides stored in the extended
stem-loop structure apparently does not affect phage viability
as judged by the titer. An independent confirmation for this
observation is that a 4-nt duplication in the XbaI site (pMS.R)
hardly affected infectivity of the cDNA clone (Table 1). The
resulting phage maintained the 4-nt insert.

Insertions in the 5* UTR. A similar set of experiments was
carried out with insertions in the 59 UTR. This region folds
into a cloverleaf structure, which by the kinetics of its folding
regulates translation of the A-protein gene (10). A 99-bp AflIII
fragment derived from M13 was cloned in either orientation in
the NcoI site at nt 78 of MS2 cDNA in the 59 UTR. This
position is found in the side of one of the three stem-loop
structures, which together build the cloverleaf (Fig. 1). Both
inserts lead to overproduction of the A-protein by disrupting
the formation of the cloverleaf (reference 10 and unpublished
results).
Mutant phages were generated as described in Materials and

Methods. From a total of 12 plaques that were sequenced, we
identified five types of revertants (Fig. 4). As before, most of
the inserted sequence disappeared. Revertants P.1, P.2, and
Q.2 were stable for six cycles, but two cycles later, the wild type
had taken over in these phage lines (other revertants were not
tested). As found above, none of the cDNA clones yielded wild
type initially.
We examined whether the P and Q revertants could still

form a hairpin structure. The extra nucleotides in the Q series
can be accommodated as small bulges (not shown). The inserts
retained in the P series are bigger. Our proposal for the sec-
ondary structure assumed by P.2 is shown in Fig. 5. The extra
A3C suppressor mutation that we have observed in this re-
vertant makes sense since it allows stem formation. Without
this substitution, a loop much larger than 10 nt would be
predicted. The deletion in P.1 can be rationalized in a similar
way (not shown).
Single-stranded RNA reduces viral fitness. It remains in-

triguing that among a total of 23 revertants analyzed, no wild
type developed in the initial stages of evolution, although it can
simply be generated by homologous recombination at the short
repeat of the restriction site. It would seem, therefore, that the
removal of extra sequences occurs quite randomly. Countless
numbers of recombinants are probably formed, but selection
for the formation of a hairpin with a short loop reveals only
those that are viable or win the competition with less fit spec-

FIG. 2. Revertants obtained from mutants containing insertions in the 39 end
of the A-protein gene. Phages were analyzed after three cycles of evolution (see
Materials and Methods for definition of cycle number). The insert is shown in
boldface. Only nucleotides directly bordering the XbaI sequences (overlined) are
shown. D represents the deleted bases. (A) Reversion mutants from L, originally
containing an insert of approximately 300 nt at position 1303 (XbaI site). Mu-
tated nucleotides in L.1 and L.4 are indicated in lowercase. (B) Reversion
mutants from M, originally containing an insert of 122 nt.

TABLE 1. Properties of wild-type and mutant cDNA clones

MS2 cDNA plasmid (phage) Titer (PFU/ml) Length of insert (bp)

pMS2000 (wild type) 1 3 1011

pMS.R (R)a 5 3 1010 4
pMS.L (L)b 2 3 107 ;300
pMS.M (M)c 1 3 107 122
pMS.A (A)c 2 3 108 34
pMS.B (B)c 2 3 108 34
pMS.C (C)c 2 3 1010 34
pMS.D (D)c 3 3 1010 34
pMS.E (E)c 3 3 109 68
pMS.G (G)c 7 3 109 68
pHG227/pPLc236 (P) 1 3 105d 99
pHG229/pPLc236 (Q) 5 3 104d 99

a Constructed by fill-in of the XbaI site of pMS2000.
b Has U-13613C and A-13793G as silent markers and carries the additional

substitution U-13733C.
c Has U-13613C and A-13793G as silent markers.
d Titers were normalized to a one-plasmid system (see Materials and Meth-

ods).
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imens. All viable recombinants have the ability to properly
accommodate the excess RNA in a secondary structure. We
therefore suppose that there is a strong selection against single
strandedness.
To test our ideas about the harmful effects of single strand-

edness, we constructed two types of insertion mutants in the
XbaI site: those that can form a long stem with a small loop
(mutants C and D; Fig. 6) and those that are predicted to form
a short stem with a large loop (mutant A [Fig. 7] and mutant
B [not shown]). Mutant B adopts the same structure as mutant
A but carries the complementary loop sequence. We have
introduced two mismatches in the extended hairpins of mu-
tants C and D because long regular hairpins do not occur in
phage RNA, probably because such structures are a substrate
for RNase III (4, 6, 11). All four mutants carry silent markers
(see Table 1, footnote c) which allow us to distinguish between
true revertants and contamination by wild-type MS2 during
further growth.
The effect of the inserts on the infectivity of the cDNA clone

appears correlated with the RNA structure that is predicted to
form. Mutants C and D, which can form a stem, only show a
three- to fivefold reduction in infectivity compared with the
wild type, while for mutants A and B, phage production is

decreased by 3 orders of magnitude (Table 1). This finding
clearly indicates that in contrast to single-stranded RNA, the
base-paired versions of the inserts do not affect any vital func-
tions of the phage. A possible adverse effect on translation of
the downstream coat protein gene by the single-stranded in-
serts is unlikely. In all four cDNA constructs (A to D), coat
protein production was not significantly different from that of
the wild type (pMS2000) (data not shown).
Evolution of the unpaired mutants A and B. About half of

the plaques derived from pMS.A had a normal size (;1 mm),
whereas the other half were unusually small (#0.2 mm). To

FIG. 3. Stem-loop structures predicted to form by revertants L.1 to L.6 and M.1 to M.5. L.2 is identical to L.5 but has a GUUA loop sequence. The remnants of
the inserted sequence are shown in boldface italics. The A-protein stop codon in each revertant is boxed. In revertants M.3, L.3, L.4, and B.5, the stop codon lies 11
nt into the coat protein gene. B.5 is one of the revertants from mutant B.

FIG. 4. Revertants from insertions in the 59 UTR after four cycles of evolu-
tion. The number of plaques sequenced for each revertant is indicated in paren-
theses. P.0 and Q.0 are the input mutants. Both revertants from P.0 have sus-
tained an A3C mutation, shown in lowercase.

FIG. 5. Proposed folding of revertant P.2 (right). Nucleotides remaining
from the initial insert (shown in boldface italics) can be accommodated in the
proposed hairpin. The indicated A3C substitution supports the new folding.
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test whether there was any correlation between plaque size and
genotype, two normal-size and two small plaques were grown
on GM-1 cells in liquid medium, and phage RNA was isolated
and sequenced. The two normal-size plaques contained the
wild-type MS2 sequence at the XbaI site. Since they carried the
marker mutations, they were true recombinants.

Phages obtained from the two small plaques (A.1 and A.2)
still contained the insert but had acquired a few substitutions in
the loop, most of which were difficult to interpret, but we
assume that they somehow increased loop structure. One of
these phages (A.1; Fig. 7) quickly reverted to wild type (plus
markers) upon further growth. The other, revertant A.2, was
slowly overgrown by A.3, which is a typical revertant with a 5-nt
loop. For reasons we do not understand, it had an additional
C3U mutation in the stem (Fig. 7).
This experiment demonstrates that there is a correlation

between plaque size and genotype. The large loop is related to
the tiny-plaque phenotype, and subsequent removal of this
large loop coincides with an increase in plaque size. The large
loop somehow impairs phage reproduction and is thus strongly
selected against.
In contrast to the previous revertants P, Q, L, and M, half of

the revertants of mutant A were pseudo-wild type. This may be
related to the fact that the repeat in mutant A is 10 nt, whereas
it is at most 8 nt in the previous mutants, e.g., mutant L. This
difference may explain the increased incidence of homologous
recombination in mutant A leading to the wild-type sequence.
Five random plaques generated by pMS.B were selected for

analysis. The repeat at the XbaI site in this series is 7 nt long.
The sequences of the revertants showed the typical random
removal of the inserts, leaving a stem with a 4- to 10-nt loop
(not shown). Interestingly, in B.5 the complete insert except
for 1 nt is deleted (Fig. 3).
Evolution of the base-paired mutants C and D. Evolution of

mutants C and D with a base-paired insert is completely dif-
ferent from that of the unpaired mutants A and B. Three
randomly picked plaques of each mutant were cycled in F1

cells: no differences from the cDNA sequence were observed
up to 10 passages (Fig. 6). This was not unexpected since both
the C and D mutants have titers close to that of the wild type
(Table 1); i.e., selection pressure is low. We conclude that extra
information can be accommodated as long as it has the proper
base pairing.

FIG. 6. Insertion mutants C.0 and D.0 which can form stable stem-loop
structures. The A protein encoded in mutant C.0 is the same as the wild type; the
one encoded in mutant D.0 is three amino acids longer. See the legend to Fig. 3
for further details.

FIG. 7. Evolution of mutant A.0. Suppressor mutations are shown by a black squares. ‘‘wild type’’ signifies that the sequence has returned to wild type at the site
of insertion but still contains the silent markers; i.e., it is a true revertant, not a contamination by real wild type. See the legend to Fig. 3 for further details.

VOL. 70, 1996 EVOLUTION OF RNA INSERTS 733

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
12

 J
ul

y 
20

23
 b

y 
13

2.
22

9.
16

0.
13

0.



At cycle 11, mutant C had lost 1 nt from the insert, causing
the stop codon of the A protein to move to the top of the helix
(Fig. 6, C.1). Possibly, translation termination is unfavorable
when the stop codon is halfway a stem structure (see Discus-
sion for a possible explanation). Mutant D remained unal-
tered.
Is there a limit to double-stranded RNA inserts? To exam-

ine this point, we doubled the size of the inserts to 68 nt, using
the same oligonucleotides as used for mutants C and D (see
Materials and Methods). This yielded mutants E and G, in
which the inserts are duplications of mutants C and D, respec-
tively (Fig. 8). The infectivity of the E and G cDNA clones was
at most 100-fold lower than that of the wild type (Table 1).
At cycle 3, revertants E.1 and E.2 lost about half of the

original hairpin by random recombination (Fig. 8 and 9). For
mutant G, there was a similar development. Of three descen-
dants analyzed, one (G.1) lost the upper half of the hairpin by
precise, and the other (G.2) did so by imprecise, homologous
recombination, while G.3 was the result of apparently random

recombination. The evolution of mutants E and G shows that
there is an upper limit to a structured extension of an existing
hairpin.

DISCUSSION

RNA versus DNA recombination. The insertions in MS2
were introduced via an infectious cDNA clone. In most cases,
we do not recover those inserts at the viral RNA level because
the extra sequence has already been (partially) lost before we
can obtain the first RNA sequence (cycle 3; see Materials and
Methods). This leaves the theoretical possibility that our re-
vertants arise by DNA recombination (at the plasmid level).
For several reasons, this seems unlikely. DNA recombination
can occur between short repeats such as those created by the
restriction sites present in our starting mutants (8). However,
the XbaI and AflIII repeats are still present in the majority of
the revertants, while the actual crossover points are very di-
verse and as a rule do not have sequence identity. Further-
more, several mutants (E and G) contain rather long repeats
that are not exploited to yield the stable revertants mutants C
and D, respectively (except G.1). Also, several revertants lost
part of the insert during subsequent infection cycles, when we
were past the cDNA stage. The evolution of A.2 to A.3 involv-
ing the removal of 21 nt between cycles 3 and 6 is a clear
illustration (Fig. 7). Finally, we have observed that inserts in
the 59 UTR are about 100 times more deleterious than inserts
in the XbaI site at the end of the A-protein gene (Table 1).
This is not easily explained by unequal DNA recombination
frequencies, but the difference makes sense when one consid-
ers that inserts in the 59 UTR adversely affect replication and
thus diminish the RNA pool that fuels recombination. We
therefore believe that our revertants arose by RNA recombi-
nation driven by the MS2 replicase.
Homologous versus random recombination. All of our in-

serts are flanked by a direct repeat of at least 4 nt. Apparently,
such a repeat is not sufficient to stimulate homologous recom-
bination, since in the majority of our revertants we can detect
neither a common motif nor a shared sequence at the cross-
over site (constructs L, M, P, Q, A, and B). The only common
denominator in these revertants is the ability to form a base-
paired structure. As evolutionary processes are not anticipa-
tory, we assume that we are looking at the survivors of a
recombinational process that appears completely random (but
see below).
Only when the direct repeat approaches 10 to 12 bases, like

in mutant A.0 and revertant A.1, do we score homologous
recombination. This observation is consistent with previous
findings for brome mosaic virus, in which case it was found that
homologous, but not random, recombination drops dramati-
cally upon a reduction of sequence homology from 15 to 9 nt
(22). Nevertheless, the presence of even a 34-base repeat as in
mutants E and G does not exclusively lead to homologous
recombination, as shown by the appearance of revertants E.1,
E.2, and G.3. The creation of these revertants may be induced
by the presence of the long stem structure (see below).
Recombination frequencies. Some information about this

parameter can be deduced from Table 1. Here, we can distin-
guish two kinds of infectious clones. In one kind, the emerging
phages have the same sequence as the cDNA (R, C, and D),
indicating that there is no strong selection pressure, while the
slightly lower titer indicates a slightly lower fitness of these
phages. In the other kind, the insertion is not recovered in the
live virus probably because it is lethal. In these instances, a
recombinational event (a deletion) seems required for viabil-
ity, e.g., L and M. We suppose that the titers obtained for those

FIG. 8. Evolution of mutants E.0 and G.0. Arrowheads indicate the crossover
points for E.2 and the possible crossover points for G.2 and G.3. For G.1, there
are multiple possibilities (not drawn). E.1 cannot be drawn because of uncer-
tainty about the sequence (see Fig. 9 for a linear representation). Revertants
were sequenced after three cycles. See the legend to Fig. 3 for further details.
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constructs reflect the recombination frequency. For instance,
the probability to create a viable revertant from construct L is
2 3 107/1011 5 2 3 1024. Assuming that every recombinant
with a loop of 4 to 10 nt is viable, one can calculate that there
are about 50 combinations to obtain such loops. This means
that the probability of creating a specific single deletion is 4 3
1026. This number is substantially higher than found previ-
ously by Palasingam and Shaklee (26). These authors obtain-
ed a value of about 1028 for the chance of precisely deleting
an 8-nt insert from a reading frame in Qb RNA. These differ-
ent frequencies suggest that a mechanism exists by which our
large RNA-structure-disrupting inserts raise the random re-
combination frequency at the site of the mutation and nowhere
else.
Induced random recombination? In vitro measurements of

Axelrod et al. (1) with pure Qb replicase and small self-repli-
cating RNA molecules have shown that replication of struc-
tured RNA is more proficient than that of unstructured RNA.
As their assay system did not contain any RNases, this differ-
ence could be attributed to unsuccessful strand separation. For
mutants A and B (and possibly L, M, P, and Q), containing
large unstructured loops, one could indeed envisage extensive
duplex formation between plus and minus strands beginning at
the loop sequences. This may pause or stall an approaching
replicase, leading to drop-off and thus to increased recombi-
nation (by copy choice) (15) similar to what has been found for
nonhomologous recombination in brome mosaic virus (21).
Although pausing of the replicase is a process which normally
accompanies the copying process (17, 27), we suggest that the
extensive duplexes which may form in our mutants lead to
much more pronounced stalling and to eventual drop-off,
which will favor recombination.
Alternatively, RNase III may cut these long uninterrupted

duplexes. Finally, the large unstructured loops may fall prey to
endonucleases. Regardless of which RNase causes the cuts, the
result will be the same: an increased drop-off of the replicase
and thus a higher probability for a restart on the same or
another RNA template.
Similarly, the long base-paired inserts of E and G may stall

the replicase by their high stability. If stable stems or single-
stranded inserts induce recombination, this means that the
structure of wild-type viral RNA is optimized not to cause
excessive stalling of the replicase by the presence of too much
or too little base pairing. In this respect, it is noteworthy that,
in fact, the secondary structure models of MS2 RNA and Qb
RNA show neither long single-stranded regions nor long un-
interrupted stems (2, 29, 30).

The position of the stop codon of the A-protein gene. The
assumption that single strandedness is harmful for the phage
may also explain the fine tuning of mutant C. In this mutant, a
single nucleotide was deleted upon continued evolution, caus-
ing the stop codon to move away from the wild-type position in
the reading frame to a further downstream position coinciding
with the top of the helix (Fig. 6). A ribosome terminating
halfway along the stem in mutant C.0 covers the 59 side of the
stem but leaves the 39 side unprotected to, e.g., RNase. This
problem does not arise with stop codons located near the top
of a hairpin. Similar arguments may explain the instability of
mutants E and G. Some support for this idea is our observation
that the stop codons of RNA phage genes tend to be located in
or next to the loop of a small hairpin.
It is interesting that in mutant D, the stop codon of the

A-protein gene is displaced three codons in the 39 direction
compared with the wild type, yet mutant D containing an
extended A protein is more stable than mutant C encoding the
wild-type A protein.
The flexibility of the C-terminal part of the A protein. Fi-

nally, we wish to comment on the fact that most inserts in the
XbaI site lead to an extension of the A protein. The great
variety in size and composition of the C terminus of the A

FIG. 9. Linear representation of the starting mutants E.0 and G.0 and of the emerging revertants. Arrows identify direct repeats that could favor homologous
recombination. See the legend to Fig. 2 for further details. N is a nucleotide which we could not identify.

TABLE 2. C termini of the A proteins in revertants

C-terminal amino acids Revertant or wild type

LSRTILDRALNRSLKHGF ...................M.3
LSRVSLDRALNRSLKHGF ..................L.4
LSRVIDRALNRSLKHGF......................L.3
LSRCLGVLSR .........................................B.2
LSKIEPSTGV ...........................................B.5
LSDRTAS..................................................C.1
LSRVGSR .................................................L.1
LSRKNS.....................................................D.0, G.1, G.2, G.3
LSRTII .......................................................M.1
LSRTNP.....................................................M.2
LSRVSR.....................................................L.6
LSRCG.......................................................B.3
LSRFG .......................................................B.1
LSRTP........................................................M.4
LSRVI ........................................................L.2
LSRVL .......................................................L.5
LSRF...........................................................B.4
LFR.............................................................A.3
LSR.............................................................Wild type, A.1, A.2, C.0, E.1, E.2
L ..................................................................M.5
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proteins in the revertants (Table 2) suggests that the selection
pressure on this part of the protein is rather weak. In some
revertants, the reading frames of the A-protein and coat pro-
tein genes overlap by 11 nt. Since the maturation gene is poorly
expressed, this overlap probably has no consequences for the
translation of the coat protein gene.
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