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Yeast killer viruses are widely distributed in nature. Several toxins encoded in double-stranded RNA (dsRNA) satellites of the
L-A totivirus have been described, including K1, K2, K28, and Klus. The 4.6-kb L-A genome encodes the Gag major structural
protein that forms a 39-nm icosahedral virion and Gag-Pol, a minor fusion protein. Gag-Pol has transcriptase and replicase ac-
tivities responsible for maintenance of L-A (or its satellite RNAs). Recently we reported a new killer toxin, Klus. The L-A virus in
Klus strains showed poor hybridization to known L-A probes, suggesting substantial differences in their sequences. Here we re-
port the characterization of this new L-A variant named L-A-lus. At the nucleotide level, L-A and L-A-lus showed only 73% iden-
tity, a value that increases to 86% in the amino acid composition of Gag or Gag-Pol. Two regions in their genomes, however, the
frameshifting region between Gag and Pol and the encapsidation signal, are 100% identical, implying the importance of these
two cis signals in the virus life cycle. L-A-lus shows higher resistance than L-A to growth at high temperature or to in vivo expres-
sion of endo- or exonucleases. L-A-lus also has wider helper activity, being able to maintain not only Mlus but also M1 or a satel-
lite RNA of L-A called X. In a screening of 31 wine strains, we found that none of them had L-A; they carried either L-A-lus or a
different L-A variant in K2 strains. Our data show that distinct M killer viruses are specifically associated with L-As with differ-
ent nucleotide compositions, suggesting coevolution.

Saccharomyces cerevisiae L-A virus (ScV-L-A) is a cytoplasm-
persisting double-stranded RNA (dsRNA) virus of the Toti-

viridae family. The unsegmented genome (4.6 kb) encodes two
virion proteins: a 76-kDa major structural protein, Gag, and a
180-kDa Gag-Pol fusion protein which has two domains, an N-
terminal Gag domain and a C-terminal Pol domain (Fig. 1B). Pol
has motifs characteristic of viral RNA-dependent RNA poly-
merases (RdRps) and is translated as a Gag-Pol fusion protein by
a �1 ribosomal frameshifting event (1, 2). The viral genome is
packed inside 39-nm icosahedral capsids. A total of 60 asymmetric
Gag dimers form each capsid, while there are one or two Gag-Pol
molecules per capsid (3–5). The L-A replication cycle was well
established years ago and is as follows. Inside the virion, the trans-
criptase activity of Pol conservatively transcribes the dsRNA ge-
nome generating L-A (�) strands that are extruded into the cyto-
plasm. There, they are either translated to produce the two virion
proteins aforementioned or else encapsidated to form new viri-
ons. Once inside the capsids, Pol replicates the (�) strands to
generate the dsRNA viral genome. In the 3=-end region of L-A (�)
strands there are two cis-acting signals necessary for packaging
and replication (6). Figure 1 summarizes the L-A replication cycle,
its genomic organization, and the cis signals. L-A virus, as is typical
of fungal viruses, has no extra cellular route of infection. It is
transmitted vertically from mother to daughter cells through mi-
tosis or meiosis or horizontally during mating.

Many yeast strains that carry L-A also harbor smaller satellite
dsRNAs generically called M satellites. There are several types of M
satellites, and the most thoroughly characterized is M1 (ScV-M1).
M1 is separately encapsidated in L-A virions and depends on L-A
for its maintenance. Cells carrying both L-A and M1 show a killer
phenotype, as M1 encodes the K1 killer toxin, an extracellular

protein able to kill nonkiller, sensitive cells. The killer trait was first
described in 1963 (7), and its association with two dsRNA species
was first reported in 1973 (8). In addition to M1, other toxin-
encoding dsRNAs, such as M2, M28, or Mlus, have been described
in S. cerevisiae (9–11). Each killer strain harbors only one type of
M dsRNA and is immune to the toxin produced but not to other
killer toxins. When haploid cells with different killer M dsRNAs
mate, the resultant diploids carry only one type of M, a phenom-
enon known as exclusion. L-A viruses found in natural isolates of
K1, K2, or K28 strains are somewhat different, as shown by the
limited sequence homology of their genomic RNAs or by dif-
ferences in the virion major capsid proteins (10, 12, 13). Works
in the early 1980s also reported phenotypic variants of L-A
affecting the maintenance of K1 and K2 systems designated
[EXL], [HOK], and [NEX] (14, 15). For reviews on S. cerevisiae
dsRNA viruses and killer toxins, see references 16 and 17 (and
references therein). In addition to the M dsRNA-encoded killer
toxins, there are other killer toxins in S. cerevisiae named KHR
and KHS. They show weak killer activity and are encoded on
chromosomal DNA (18, 19).

Received 19 February 2013 Accepted 29 April 2013

Published ahead of print 31 May 2013

Address correspondence to Rosa Esteban, mrosa@usal.es.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AEM.00500-13.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AEM.00500-13

August 2013 Volume 79 Number 15 Applied and Environmental Microbiology p. 4661–4674 aem.asm.org 4661

http://dx.doi.org/10.1128/AEM.00500-13
http://dx.doi.org/10.1128/AEM.00500-13
http://dx.doi.org/10.1128/AEM.00500-13
http://aem.asm.org


L-BC is another totivirus (ScV-L-BC), frequently accompany-
ing L-A in S. cerevisiae. L-BC is similar to L-A in terms of genome
size and organization (20). It coexists with L-A in several killer or
nonkiller strains but has no helper activity for the toxin-produc-
ing M dsRNAs.

Several nuclear genes that affect the maintenance of L-A and
M1 (or M2) viruses have been described (16). They belong to two
categories. Those (more than 30) required for killer activity are
known as MAK genes (for maintenance of killer). Mak mutants
cannot maintain M1 (or M2); thus, the strains are nonkillers. Only

three mak mutants also lose L-A: mak3, mak10, and mak31. MAK3
encodes the catalytic subunit of an N-acetyltransferase that acety-
lates the N terminus of Gag, a step essential for capsid assembly
(21), while MAK10 and MAK31 code for the auxiliary subunits of
the enzyme, which form a complex with mak3p (22). Members
of the second group of genes (7 are known) have a negative effect
on the viruses. Mutations on these genes were initially identified as
ski (super killer) mutants with higher levels of toxin production
due to increased amounts of M1 (23). Most SKI genes were later
shown to be components of the exosome, a complex involved in
3=-to-5= RNA degradation (24), or modulators of exosome activ-
ity. On the other hand, SKI1, also known as XRN1, codes for the
main exonuclease involved in the 5=-to-3= mRNA degradation
pathway (25). Overexpression of the 5= exonuclease XRN1 cures
L-A with high frequency, suggesting that it is active on L-A (�)
strands when they are outside the virion (26).

Yeast cells carrying killer viruses may have a competitive ad-
vantage over cells lacking them, which would explain their posi-
tive selection. The overall distribution of the killer character, how-
ever, is difficult to establish, as the studies available are partial and
difficult to compare. For instance, the K1 killer character is found
in S. cerevisiae laboratory strains at a high incidence, probably as a
result of inbreeding. Also, killer strains are found among wine,
brewing, and baking yeasts (27). Other studies on natural isolates
from variable sources report different incidences: i.e., 17% among
154 strains of different yeast genera or the absence of dsRNA-
based killer strains (28, 29). Several studies on strains isolated
from wine fermentations where K2 strains are the most abundant,
and yet are found with variable distribution, have been published
(reference 30 and references therein). The K2 toxin, active at low
pH (2.9 to 4.9), can be of technological importance for winemak-
ing, as selected K2 killer strains in the must can predominate over
indigenous strains.

Recently, the occurrence of killer viruses in S. cerevisiae has
been linked to the absence of the RNA interference (RNAi) path-
way in this species (31). RNAi is involved in regulating gene ex-
pression by silencing specific mRNAs and depends on the activity
of two ribonucleases, Dicer and Argonaute. Dicer cleaves dsRNA
to small interfering dsRNAs (siRNAs), and Argonaute carries the
small dsRNA to the specific mRNA and cleaves it. RNAi is present
in animals, plants, and most fungi. RNAi, however, is absent in
most budding yeasts, including S. cerevisiae, and yet is present in S.
castellii, a closely related yeast. It has been proposed that RNAi loss
in S. cerevisiae could have helped cells to acquire and retain the
killer system, which, as mentioned before, would represent a se-
lective advantage (32). This hypothesis is supported by the fact
that RNAi is absent in species known to carry killer dsRNAs while
related species having RNAi lack killer systems (31).

In a previous work, we described a new killer toxin, Klus, in
wine yeasts from Spain (11). This new toxin is coded by Mlus
dsRNA. Klus strains carry one of four Mlus isotypes (Klus-1 to
Klus-4), whose sizes range from 2.1 to 2.3 kb. Klus toxin is active
over a wide range of yeasts other than S. cerevisiae, and the ORF for
the preprotoxin is ancestrally related to the host chromosomal
gene YFR020W (providing for the first time a clue of the origin of
a dsRNA-encoded toxin). In that study, we observed that the
L-A helper virus for Mlus was somewhat different from L-A in
laboratory strains. The aim of the present work is the charac-
terization of that new L-A variant, L-A-lus. Toward this pur-
pose we have (i) cloned and sequenced L-A-lus, (ii) studied the

FIG 1 L-A replication cycle, genome organization, and cis signals for frame-
shifting, encapsidation, and replication. (A) Mature L-A virions carry trans-
criptase activity. This activity conservatively transcribes the L-A dsRNA ge-
nome to produce L-A (�) strands that are extruded from the virions into the
cytoplasm. Translation by ribosomes originated two types of products; the first
is Gag (closed dots), and, in 1% to 2% of the cases, a �1 frameshifting event
occurs to produce the second, a Gag-Pol fusion protein (closed dots-squares).
Interaction of Gag-Pol with the (�) strand triggers L-A particle assembly (39).
These particles have the same protein composition as mature particles but
carry an L-A (�) strand. Then, replicase activity in the virion synthesizes the
(�) strand on the (�) strand template, originating the dsRNA genome. (B)
L-A genome organization and coding strategy. The two overlapping frames on
the (�) strand are indicated. The translation products (Gag and Gag-Pol fu-
sion protein) are shown. The cis signals for frameshifting, encapsidation, and
replication on the (�) strand with their secondary structures are displayed at
the bottom of the panel. aa, amino acids. (Diagrams adapted from reference 16
with kind permission of Springer Science�Business Media.)
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distribution of L-A-lus (or other L-A variants) in a collection of
wine yeast strains, (iii) constructed laboratory strains carrying
L-A-lus and Mlus or L-A-lus alone to study their properties
under controlled laboratory conditions, (iv) analyzed the sen-
sitivity of L-A-lus or L-A to high temperature or in cells that
either express the heterologous RNA interference proteins
Ago1 and Dcr1 or overexpress the XRN1/SKI1 5= exonuclease,
and (v) analyzed the L-A-lus helper activity over different sat-
ellite RNAs that include not only Mlus but also M1 and the L-A
deletion mutant X. We also discuss the possible coevolution of
different L-A variants and their specific killer toxin-encoding
M dsRNAs in wine strains.

MATERIALS AND METHODS
Yeast strains and media. Table 1 summarizes the strains used in this
study. Most were constructed for this work, and others are laboratory
strains that have already been described (26, 33). ski2�, ski1�, and

mak10� deletion strains, all of them derivatives from strain BY4741, are
from the EUROFAN collection (kindly supplied by J. L. Revuelta). Table 2
shows wine strains analyzed for different L-A variants. YPAD medium
(1% yeast extract, 2% peptone, 2% glucose, 2% agar, 0.04% adenine) was
supplemented with 0.02% uracil. YPG is the same as YPAD except that it
contains 3% glycerol (vol/vol) instead of glucose. MB (methylene blue)
medium is YPAD buffered at pH 4.7 with sodium citrate and containing
0.003% methylene blue (34). Sporulation medium contains 1% potas-
sium acetate, 0.1% yeast extract, 0.05% glucose, and 2% agar. Synthetic
minimal (SD) medium contains 0.67% yeast nitrogen base (without
amino acids and with ammonium sulfate; Difco), 2% glucose, and 2%
agar. Complete minimal medium is SD medium supplemented with
amino acids, uracil, and adenine as described previously (14). For selec-
tion of transformants and for genetic experiments, complete minimal
medium deprived of tryptophan, histidine, uracil, or leucine (H-trp, H-
his, H-ura, or H-leu) was used. When required, Geneticin (Invitrogen)
was added to YPAD medium or to SD medium at a final concentration of
300 mg/liter after autoclaving of the medium.

TABLE 1 Strains used

Strain Genotype and/or description

5X47 Diploid tester strain sensitive for killer assay
2928 a ura3 his3 trp1 L-A-o, L-BC, 20S RNA
2927 a ura3 his3 trp1 ski2-2 L-A-o, L-BC-o, 20S RNA
BY4741 a his3�0 leu2�0 met15�0 ura3�0 L-A (low copy number), L-BC
938 a his3�0 leu2�0 met15�0 ura3�0 Genr ski1� L-A-o, L-BC
909 a his3�0 leu2�0 met15�0 ura3�0 Genr ski2� L-A-o, L-BC-o
2403 � his4-1, kar1-1 L-A, M1, L-BC
2404 � his4-1, kar1-1 L-A (high copy number), L-BC
2405 � his4-1, kar1-1 L-A-o, L-BC
559 � ura3 trp1 leu2 kar1-1 L-A-o, M1a [pI2L2]
1081 a ura3 L-A-lus, Mlus, L-BC, 20S RNA, 23S RNAb

1082 The same as 1081 but without 23S RNA
1083 Cytoductant of 1081 into 2405; � his4-1 kar1-1 L-A-lus, Mlus, L-BC, 20S RNA, 23S RNA
1084 Cytoductant of 1082 into 2405; � his4-1 kar1-1 L-A-lus, Mlus, L-BC, 20S RNA
1085 Cytoductant of 1084 into 909; a his3�0 leu2�0 met15�0 ura3�0 Genr ski2� L-A-lus, Mlus, L-BC, 20S RNA
1086 Cytoductant of 559 into 1085; a his3�0 leu2�0 met15�0 ura3�0 Genr ski2� L-A-lus, M1c, L-BC, 20S RNA
1087 Cytoductant of 1086 into 2405; � his4-1 kar1-1 L-A-lus, M1, L-BC, 20S RNA
1088 Cytoductant of 1084 into 938; a his3�0 leu2�0 met15�0 ura3�0 Genr ski1� L-A-lus, Mlus-od, L-BC, 20S RNA
1089 Cytoductant of 1088 into 2405; � his4-1 kar1-1 L-A-lus, Mlus-o, L-BC, 20S RNA
1094 Cytoductant of 1089 into 2927; a ura3 his3 trp1 ski2-2 L-A-lus, L-BC, 20S RNA
1098 Cytoductant of 1089 into 2928; a ura3 his3 trp1 L-A-lus, L-BC, 20S RNA
1064 Cytoductant of BY4741 into 2405; � his4-1, kar1-1 L-A (low copy number), L-BC
1127 Cytoductant of 1064 into 2928; a ura3 his3 trp1 L-A (low copy number), L-BC, 20S RNA
TF395 a ura3 trp1 leu2 L-A-o L-BC
1150 Strain TF395 that expresses AGO1 and DCR1 genese

1145 Cytoductant of 1089 into strain 1150; a ura3 trp1 leu2 L-A-lus, L-BC, 20S RNA
1146 Cytoductant of 1064 into strain 1150; a ura3 trp1 leu2 L-A (low copy number) L-BC
1147 Cytoductant of 1089 into strain TF395; a ura3 trp1 leu2 L-A-lus, L-BC, 20S RNA
1148 Cytoductant of 1064 into strain TF395; a ura3 trp1 leu2 L-A (low copy number) L-BC
455 � prototroph ski2-2, L-A, Xf

1099 Diploid by mating 1098 and 1064; a/� ura3/� trp1/� his3/� his4-1/� L-A-lus, L-BC, 20S RNA
1101 Cytoductant of 455 into 2928 [pI2L2]; a ura3 his3 trp1 L-A-og, X, L-BC, 20S RNA
1113 Cytoductant of 1101 into 1089; � his4-1 kar1-1 L-A-lus, X, L-BC, 20S RNA
1118 Cytoductant of 559 into 2928 [pRE1290]; a ura3 his3 trp1 L-A-o, M1h, L-BC, 20S RNA
a M1 viruses are maintained by Gag and Gag-Pol expressed from plasmid [pI2L2] (37).
b Spore clone 3 from sporulation of a diploid that carries L-A-lus and Mlus and the Geneticin resistance (Genr) phenotype constructed as described in Results.
c In this strain, M1 from strain 559 excluded Mlus initially present in strain 1085.
d In the ski1� background, Mlus is lost spontaneously and strain 1088 carries only L-A-lus.
e AGO1 and DCR1 genes from Saccharomyces castellii were inserted into the strain TF395 genome by transformation with plasmids pRS404-PTEF-Ago1 and pRS405-PTEF-Dcr1
(32).
f X is a deletion mutant of L-A of 530 bp from the 5= and 3= ends of L-A (6).
g In this strain, Gag and Gag-Pol expressed from plasmid pI2L2 exclude L-A originally present in strain 455 (50).
h M1 is maintained by the hybrid L-A virions expressed from pRE1290 (see Materials and Methods).

L-A-lus Virus in Klus Wine Yeast Strains

August 2013 Volume 79 Number 15 aem.asm.org 4663

http://aem.asm.org


Killer assay. Colonies to be tested for killer activity were replica plated
onto MB medium previously seeded with a lawn of the sensitive strain
5X47 or appropriate killer strains. MB plates were incubated at 25°C for 2
to 3 days. A clear zone around the colonies indicated killer toxin produc-
tion.

Transferring the Klus killer trait from a wine strain to a laboratory
strain. Klus-3 strain EX198 was incubated in sporulation medium for 5
days at 28°C and then transferred to YPAD for ascospore germination. An
aliquot of this culture was mixed with strain 2928 carrying plasmid
pNR41, which confers Geneticin resistance (Genr) (35), and incubated for
1 day on a rich YPAD plate for mating. The plate was then replicated onto
SD medium supplemented with Geneticin to select for diploids formed
between the Klus ascospore-derived cells (prototrophic and homothallic)
and the Geneticin-resistant laboratory strain. Single diploid colonies were
tested for Klus activity and then placed on sporulation medium for 5 days.
When formation of asci was visible under the optical microscope, a small
amount of this sporulating culture was suspended in 200 �l of water and
treated with 5 �l glusulase (PerkinElmer Life Sciences, Inc.) for 5 min at
37°C. Afterwards, the sample was diluted with water and plated on H-his
medium. A mixture of diploid cells and haploid cells with �ura or �]trp
(or both) auxotrophies was able to grow. By successive replica plating
onto SD or selective medium, we picked up colonies that were �ura. Only
those that were of the a mating type were then used as donors to introduce
L-A-lus and Mlus into laboratory strain 2405 by cytoduction (cytoplasmic
mixing).

Cytoduction. Cytoduction (cytoplasmic mixing) is a special kind of
mating that allows the transfer of cytoplasmic traits (i.e., killer viruses or
mitochondria) from one strain (donor) to another strain (recipient).
There is a transient heterocaryon formation without diploidization be-
cause one of the strains is a kar1-1 mutant defective in nuclear fusion (36).
Previously, the recipient strain was made �o by growth on an YPAD plate
in the presence of ethidium bromide. The two strains are mixed in water at
high density, and one drop of this mixture is placed on an YPAD plate.
After mating is allowed for 6 to 8 h at 28°C, cells are streaked for single-
colony isolation on plates where the donor strain cannot grow. The
resulting colonies (a mixture of diploids, the recipient strain, and the
cytoductants) are then replica plated onto YPG (only the respiratory-
competent cells grow), SD (identifies a small percentage of diploids that
are usually formed, as the kar1-1 mutation is leaky), and finally MB me-
dium to test for the killer phenotype. When the donor strain is nonkiller,
cytoductants are selected based on auxotrophies and growth on YPG me-
dium. Further Northern analysis is needed to confirm the transference of
the traits under study (i.e., L-A virus alone, which does not confer a killer
phenotype).

Plasmids. We used three types of plasmids in this study: 1, plasmids
that express L-A virion proteins (Gag and Gag-Pol), 2, plasmids to syn-
thesize strand-specific RNA riboprobes by runoff transcription with T7 or
T3 RNA polymerases, and 3, vectors that carry the AGO1 and DCR1 genes
from Saccharomyces castellii. They were used to insert these genes into the

TABLE 2 Presence of L-A, M dsRNA satellites, or L-BC in wine yeast strainsa

Strain Killer satellite Helper virus L-BC Source

CECT1881 M2b L-A-lus � CECT
CECT1887 Mlusb L-A-lus � CECT
DSM-70457 M-o L-A-lus � DSMZ
DSM-70459 Mlus L-A-lus � DSMZ
Uvaferm PM M2 L-A-2 � Lallemand
Lalvin EC1118 M2 L-A-2 � Lallemand
T73 M2 L-A-2 � Lallemand
Fermol Cryoaromae M2 L-A-2 � AEB Ibérica
PB2010 M2b L-A-2 � AEB Ibérica
EX436 Mlus L-A-lus � Ribera Guadiana (Spain)
EX122 Mlus L-A-lus � Ribera Guadiana (Spain)
EX198 Mlus L-A-lus � Ribera Guadiana (Spain)
EX229 Mlus L-A-lus � Ribera Guadiana (Spain)
EX73 M2 L-A-2 � Toro (Spain)
T34 M-o L-A-lus � Toro (Spain)
5FG-31 M2b L-A-2 � Toro (Spain)
8F-13 M2 L-A-2 � Toro (Spain)
Ar-12 Mlusb L-A-lus � Toro (Spain)
F5 M-o L-A-lus � Toro (Spain)
80-P30 Mlusb L-A-lus � Portugal
47-P07 M2 L-A-lus � Portugal
96-P45 M-o L-A-lus � Portugal
S4928 M2 L-A-2 � Rueda (Spain)
S3920 M2 L-A-2 � Rueda (Spain)
V4907 M2 L-A-2 � Rueda (Spain)
58-I M-o L-A-lus � Galicia (Spain)
A143-2 M2 L-A-2 � Galicia (Spain)
A143-6 M-o L-A-lus � Galicia (Spain)
Ca3 Mlusb L-A-lus � Cádiz (Spain)
Ca4 M2b L-A-lus � Cádiz (Spain)
Ca7 M2 L-A-2 � Cádiz (Spain)
a Strains were kindly provided by A. Palacios and C. Suárez (Lallemand strains), J. M. Álvarez (AEB Ibérica strains), M. Ramírez (Ribera del Guadiana strains), D. Schüller
(Portugal strains), M. del Villar (Rueda strains), T. G. Villa (Galicia strains), and J. Cantoral (Cádiz strains). Toro strains were from our laboratory. CECT, Spanish Type Culture
Collection; DSM and DSMZ, Deutsche Sammlung von Mikroorganismen und Zellkulturen. The presence of Mlus, M2, or L-BC dsRNAs was determined by Northern blot
hybridization. �, presence; �, absence.
b These strains are nonkiller, in spite of carrying M dsRNAs.
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S. cerevisiae genome for heterologous expression. We also overexpressed
the SKI1 gene.

1. Plasmid pI2L2 contains the entire L-A sequence and expresses L-A
virion proteins under the control of the PGK1 promoter. It carries
the TRP1 gene as a selective marker (37). Plasmid pRE1290 is a
derivative of pI2L2 that expresses hybrid L-A virions with Gag from
L-A and Pol from L-A-lus. It was constructed as follows. First, a
NotI site was introduced into pI2L2 after the ORF for Gag by site-
directed mutagenesis (SDM) using oligonucleotide RE587. The re-
sulting plasmid was digested with NotI, and the Pol part of L-A (2.5
kb) was replaced by Pol from L-A-lus. The L-A-lus Pol fragment
(from nucleotide [nt] 2070 to the end of L-A-lus, nt 4580) was
synthesized by reverse transcription-PCR (RT-PCR) from strain
EX229 using oligonucleotides NR108 and NR109, digested with
NotI, and fused to the C terminus of Gag from L-A. The NotI site at
the junction between Gag and Pol was then eliminated by SDM
using oligonucleotide RE619.

2. Plasmids to make L-A-, X-, M1-, Mlus-, or L-BC-specific probes
have been described. A summary of the sequences recognized by
each probe is as follows. The L-A probes made from plasmids
pRE687 and pRE691 recognize the positive strand of L-A from nt
1323 to 1786 and from nt 1783 to 2647, respectively (11, 26). The
M1 probe, made from plasmid pRE1119, recognizes the (�) strand
of M1 from nt 14 to 500 (38). The X probe was made from plasmid
pRE76-2-14 and recognizes the X (�) strand from nt 1 to 530 (6).
The Mlus probe, made from plasmid pMlus-11, recognizes the
Mlus (�) strand (nt 119 to 935, counting from the 3= end of Mlus)
(11). The L-BC probe, from plasmid pRE442, recognizes the L-BC
(�) strand (nt 63 to 502). Plasmid pRE1275 contains the L-A-lus
sequence from nt 2070 to 4580 (L-A-lus Pol region) subcloned into
the NotI site of the Bluescript-KS� vector (Stratagene, San Diego,
CA). It was used to synthesize an L-A-lus (�) strand-specific
probe. Plasmid pRE1280 contains a fragment of 522 bp of M2
cDNA (from nt 332 to 853) obtained by RT-PCR from K2 wine
strain A143-2 (Table 2) using oligonucleotides NR112 and NR113.
The M2 cDNA fragment was inserted between the BamHI and
EcoRI sites of Bluescript KS� vector and used to synthesize a probe
that recognizes the M2 (�) strand.

3. Plasmids pRS404-PTEF-Ago1 and pRS405-PTEF-Dcr1 were a gift
of David Bartel (Addgene plasmid numbers 22313 and 22314, re-
spectively) and express the RNA interference proteins Ago1p and
Dcr1p from S. castellii; they contain the TRP1 and LEU2 genes,
respectively, as markers. Plasmid pRE914 overexpresses the SKI1
gene under the control of the constitutive PGK1 promoter and
carries HIS3 as a selective marker (26).

Total nucleic acid preparation and Northern hybridization. Strains
were grown in YPAD medium or in complete minimal medium deprived
of the appropriate amino acid for 2 to 3 days at 28°C. Cells from 1 ml of
culture were broken with glass beads by vortex mixing, and nucleic acids
were extracted from cell lysates as described previously (33). Total RNAs
were separated on 1.3% agarose gels, denatured in the gel, and transferred
to neutral nylon membranes (GE Healthcare). Detailed conditions for
Northern hybridization were described elsewhere (39). RNAs on the
membranes were detected by hybridization with 32P-labeled specific
probes made by T3 or T7 runoff transcription from plasmids predigested
with appropriate restriction enzymes to make them linear.

cDNA synthesis, cloning, and sequencing of L-A-lus dsRNA. dsRNAs
from strain EX229 (L-A-lus, L-BC, and M-lus) were purified by CF-11
cellulose chromatography as described elsewhere (23). L-A-lus and L-BC
were then further separated from Mlus by agarose gel electrophoresis and
electroelution. L-A-lus and L-BC cDNA synthesis was carried out using a
Universal Riboclone cDNA synthesis system kit from Promega based on
the method of Gubler and Hoffman (40), as described previously (11).
Without further purification, cDNA fragments corresponding to L-A-lus

or L-BC dsRNA were blunt end ligated into the unique SmaI site of Blue-
script-KS� vector and introduced into competent Escherichia coli DH5�
cells. Transformants containing inserts were sequenced, and clones cor-
responding to L-A-lus or to L-BC were distinguished by comparison to
the published L-A or L-BC sequences. Using the sequences obtained from
5 L-A-lus random clones and by comparison with standard L-A, we posi-
tioned our L-A-lus sequences. Afterwards, we used either of 2 pairs of
oligonucleotides (NR88 and NR80 or NR81 and NR89) in order to am-
plify 2 internal gaps. Finally, the sequences from the ends of L-A-lus were
obtained by 3= rapid amplification of cDNA ends (3=RACE). First, the 3=
ends of the molecule were A-tailed using poly(A) polymerase and the
conditions described by the supplier (Epicentre). Conditions for anneal-
ing with an oligo(dT) primer (oligonucleotide NR67) and for cDNA syn-
thesis were as described previously (11). For PCR amplification, we used
primer NR68 and either primer NR86 or NR87 that annealed near the 5=
or 3= end of the molecule, respectively. The PCR products were digested
with NotI and BamHI, cloned into the Bluescript-KS� vector digested
with the same enzymes, and sequenced.

RT-PCR. To characterize the type of L-A present in the wine strains of
Table 2, we amplified cDNA fragments by RT-PCR using total nucleic
acids prepared as mentioned before and two different pairs of oligonucle-
otides: NR88 and NR80 in the case of L-A-lus and RE548 and RE549 to
amplify L-A. Conditions for annealing and first-strand synthesis were as
indicated for the 3=RACE protocol, and PCR was done using Go Taq DNA
polymerase (Promega). When fragments of larger size were needed for
cloning purposes, AccuPrime Taq DNA polymerase High Fidelity (Invit-
rogen) was used.

Miscellaneous. DNA manipulations (enzyme digestions and cloning
procedures) were done following standard methods according to refer-
ence 41. Plasmid DNA for sequencing was obtained and purified using a
Wizard Plus SV Minipreps DNA purification system (Promega). DNA
fragments were purified with a QIAquick gel extraction kit (Qiagen). Be-
fore PCR fragments were sequenced, oligonucleotides present in the sam-
ples were removed by Sepharose chromatography using MicroSpin S-400
HR columns (GE Healthcare). Most of the enzymes were purchased from
Promega. Synthetic oligonucleotides were purchased from Thermo. Site-
directed mutagenesis was done as described previously (6). Antibodies
against the Gag protein of L-A virus have been described previously (42).
Yeast cells were transformed using lithium acetate to permeabilize the
cells (43), and transformants were selected in H-trp, H-ura, or H-his
medium. In the case of transformation with integrative plasmids pRS404-
PTEF-Ago1 and pRS405-PTEF-Dcr1, the plasmids were digested with
HindIII and EcoRI, which cleave in unique sites in the TRP1 and LEU2
genes, respectively. All DNA primers used are listed in Table S6 in the
supplemental material. RNA secondary structure predictions were done
using the MFOLD program (44).

Nucleotide sequence accession number. The L-A-lus cDNA nucleo-
tide sequence and the encoded Gag and Gag-Pol proteins appear in NCBI/
GenBank under GenBank accession no. JN819511.1.

RESULTS
L-A-lus, a new variant of L-A virus in wine yeast strains. In a
previous work, we identified a new killer toxin (Klus) encoded in
Mlus dsRNA in wine yeast strains from the Ribera del Guadiana
region of Spain (11). Genetic and molecular analysis showed the
presence in those strains of a helper virus, L-A, as is the case with
other satellite toxin-encoding M dsRNAs. However, Northern
blot hybridization with two different L-A probes (whose se-
quences had been determined years ago) showed poor hybridiza-
tion to the probes (Fig. 2A), suggesting substantial differences
between the nucleotide sequences of the published L-A and the
L-A present in yeast strains carrying Mlus. This prompted us to
clone and sequence this L-A variant, which we named L-A-lus to
distinguish it from standard L-A. We purified L-A-lus dsRNA

L-A-lus Virus in Klus Wine Yeast Strains

August 2013 Volume 79 Number 15 aem.asm.org 4665

http://www.ncbi.nlm.nih.gov/nuccore?term=JN819511.1
http://aem.asm.org


from strain EX229 by cellulose CF-11 chromatography and used it
for RT-PCR as described in Materials and Methods. By random
priming, we initially obtained and sequenced 5 independent
clones that covered about 50% of the molecule. The sequences of
two internal gaps were then resolved by RT-PCR amplification of
two fragments that covered the gaps. The sequences at both ends
were obtained by 3=-RACE in 2 independent clones in each strand.
The entire L-A-lus sequence was thus assembled from 9 clones
(GenBank accession no. JN819511.1). Altogether, L-A-lus is 4,580
nt. A ClustalW comparison between L-A-lus and L-A showed 73%
identity (see Fig. S1A in the supplemental material). The 27%
difference between the two versions of L-A explains our previous
hybridization results with two different L-A probes (11) (Fig. 2A).
Figure 2A also shows that a probe made from an L-A-lus cDNA
clone recognized L-A-lus specifically and L-A only poorly. Certain
regions were different enough to allow the design of unique oligo-
nucleotides to amplify specifically L-A or L-A-lus by RT-PCR.
Thus, we could examine the presence of one or the other L-A

directly in multiple yeast strains isolated from different geograph-
ical locations or sources (Table 2).

Analysis of L-A-lus sequence. The genomic organization of
L-A-lus is the same as that of L-A (Fig. 1B). There are two ORFs.
The first ORF starts at nt 30 and extends to nt 2069. The second
ORF is from nt 1940 to almost the end of the molecule (nt 4543)
and is probably expressed as a fusion protein together with ORF1
by �1 ribosomal frameshifting (Fig. 3A; see also Fig. S1 in the
supplemental material). By comparison with the published se-
quences of Gag and Pol of L-A, we assigned these two ORFs in
L-A-lus to the major coat protein of L-A-lus virions (ORF1) and
to the fusion Gag-Pol (ORF1-ORF2), respectively (Fig. 3A). A
ClustalW comparison at the amino acid level shows that the 73%
nucleotide identity between the two L-A genomes rises in the case
of proteins to 86% identity (see Fig. S1B in the supplemental ma-
terial). Polyclonal antibodies against Gag of L-A recognized in a
Western blot the major coat protein of L-A-lus. A larger, minor
protein, with the size expected for a fusion protein, is also recog-
nized by the antibodies, suggesting that it is the fusion product of
ORF1 plus ORF2 (see Fig. S2 in the supplemental material).

There are two regions in the genomes of L-A and L-A-lus that
are 100% identical: (i) a region with a stem-loop structure known
to be involved in frameshifting (nt 1969 to nt 2004) adjacent to the
slippery site 1958GGGUUUA1964 (Fig. 1B; see also Fig. S1A in the
supplemental material) and (ii) a region that contains a 24-nt
stem-loop structure responsible for binding to and encapsidation
of the L-A (�) strand (nt 4180 to nt 4203) (Fig. 1B; see also Fig.
S1A in the supplemental material), indicating the importance of
these two regions in the translation and encapsidation steps in the
life cycle of either L-A virus (Fig. 1A). We observed only one
nucleotide change in the stem-loop secondary structure adjacent
to the slippery site in the frameshifting region (at the opening of
the loop, U1991 in L-A is C1991 in L-A-lus). This change produces
a decrease in the free energy of the structure from �G � �15.3
kcal/mol in L-A to �G � �17.3 kcal/mol in L-A-lus. We found the
same change (U1991C) in the L-A present in strain BY4741 com-
pared to the deposited L-A sequence (R. Esteban, unpublished
data). The amount of L-A in BY4741 is much lower than that of
L-A in strain 2404. We do not know whether this nucleotide mod-
ification in L-A-lus may affect the rate of frameshifting and con-
sequently the ratio between Gag and Gag-Pol, but as described
previously (45), changes in the secondary structure affect frame-
shifting efficiency. The amount of L-A-lus virions in different
wine yeast strains or in the laboratory strains constructed in this
work is similar to that of L-A in strain BY4741 and much lower
than that of L-A in strain 2404 (see Fig. S3 in the supplemental
material).

At the 3= end of L-A (�) strands, a cis signal for replication has
been demonstrated (6). The signal is composed of a stem-loop
structure and the adjacent 3=-end 4 nt (Fig. 1B and 3B). In the
structure, the nucleotide sequence of the loop is important but
that of the stem is not. No experimental evidence has been re-
ported for signals at L-A’s 5= end. However, the fact that X, a
deletion mutant of L-A, contains only the first 25 nt of L-A’s 5= end
and is maintained stably by L-A virions suggests that within that
25-nt sequence reside the cis signals needed for transcription. As is
common in other dsRNA viruses, this region is AU rich (Fig. 3A),
facilitating the melting of the molecule and the access of Pol to the
template strand for conservative transcription. Figure 3A depicts
the 5= and 3= untranslated terminal regions (UTRs) of L-A-lus and

FIG 2 Identification of L-A-lus variant in yeast strains by Northern hybrid-
ization or RT-PCR. (A) Total RNAs were obtained from strain EX436, EX122,
EX198, or EX229 (Klus-1 to Klus-4 isotypes) and from laboratory strain 2403
(standard L-A) or 2928 (L-A-o). Three sets of the samples were separated on an
agarose gel, denatured in the gel, blotted onto a nylon membrane, and then
hybridized with one of three different probes: probe 1, an L-A-specific probe
that recognized nt 1783 to nt 2647; probe 2, a different L-A-specific probe
which annealed between nt 1323 and nt 1786; or probe 3, an L-A-lus-specific
probe to nt 1328 to nt 2133. Autoradiograms of the membranes are shown. (B)
Specific RT-PCR amplification of L-A-lus or L-A. RT-PCRs were performed
using total nucleic acids from wine strain Ca7, 47-P07, EC1118, T34, or
PB2010 (Table 2 and lanes 3 to 7). For controls, we also amplified RNAs from
Klus strain EX198 (L-A-lus, lanes 1) or laboratory strain 2403 (L-A, lanes 2).
Reactions were done in parallel using two sets of primers that recognize L-A-
lus (left) or L-A (right). �, lambda DNA digested with HindIII as a size marker.
The major RT-PCR products that amplified specifically with the two primers
from L-A-lus or from L-A are indicated at both sides of the ethidium bromide-
stained gel with the arrowheads.
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L-A (�) strands. The 5= UTR in L-A-lus is 29 nt and, like L-A’s, is
AU rich; both are highly conserved. The 3= UTR nucleotide se-
quences are quite different: only the last 12 nt are identical. L-A-
lus, however, can be folded into a stem-loop structure that resem-
bles that of L-A (Fig. 3B). We do not know, at present, if this
structure constitutes a cis signal for replication similar to that of
L-A’s.

Because the proteins encoded by L-A or L-A-lus are almost
identical (see Fig. S1B in the supplemental material), we would
expect the same (or almost the same) tridimensional or spatial
organization in the virion and similar mode of actions in the Pol
part of the Gag-Pol protein in L-A-lus and L-A. Indeed, the re-
gions that contain the four motifs conserved in RdRps are well
conserved (	95% identical) (see Fig. S1B in the supplemental
material). Strikingly, we observed a higher variation in one region
within Gag around amino acids 160 to 173. We have reported
recently the existence of a cap-snatching mechanism in L-A viri-
ons (38). The reaction, which transfers cap groups from mRNA to
the nascent L-A transcript when extruded from the virions, is
carried out by His154 in Gag, which steals cap groups from cellu-
lar mRNA and attaches them covalently to His154 (46). Crystal-
lographic studies have shown that His154 in Gag is in the upper
rim of a trench where host mRNA can interact through its cap
structure (47). Interestingly, comparing these two regions in L-A
and L-A-lus, His154 and surrounding amino acids are conserved

but a downstream stretch of 14 amino acids shows more variation
that the rest of Gag (see Fig. S1B in the supplemental material).
This suggests that His154, which is exposed to the outer side of the
virion, is not interacting tightly with amino acids in its vicinity.
Other parts of Gag are more conserved. A second region with
higher variation is an internal fragment of about 43 amino acids in
the N-terminal third of Pol (amino acids 731A to 771A in Gag-
Pol) that shows a 38% variation; of 43 amino acids, 16 are differ-
ent. This region is likely to be separating the Gag and Pol domains
in the Gag-Pol fusion protein (see Fig. S1B in the supplemental
material).

Construction of laboratory strains with L-A-lus and Mlus or
with L-A-lus alone. To go deeper into genetic and biochemical
studies with the new L-A-lus variant, we generated laboratory
strains with appropriate auxotrophic markers as hosts of L-A-lus
alone or L-A-lus and its satellite Mlus. Table 1 shows a list of
laboratory strains constructed in this work. We first determined
by direct observation under the optical microscope which of the
Klus killer strains used in our previous work (11) were able to
sporulate. Strain EX198 (Table 2) was selected, and a whole-spore
clone population was mated out with strain 2928 expressing the
Geneticin-resistant phenotype. The resulting diploids were se-
lected as explained in Materials and Methods. Further sporulation
of these diploids produced strains 1081 and 1082 that carry L-A-
lus and Mlus. Both were of the a mating type and ura3. Strain 1081

FIG 3 Sequences and secondary structures conserved in the UTRs of L-A-lus and L-A. (A) The diagram shows the genomic organization of L-A-lus. Internal
regions indicated as “Frameshifting” (black box) or “Encapsidation” (gray box) correspond to the frameshifting or encapsidation signals depicted in Fig. 1B. The
“3= cis signal” is depicted in panel B. Overlapping arrows show the two ORFs found in the L-A-lus (or L-A) (�) strand. The 5=- and 3=-end sequences of L-A-lus
are displayed at the bottom of the panel. For comparison, those of L-A are also shown. Vertical bars indicate identical nucleotides. Initiation and termination
codons are boxed. (B) Secondary structures predicted by the MFOLD program at the 3= end of L-A, L-A-lus, or satellite RNAs that can be maintained by L-A-lus
virions are shown. Numbering is from the 3= ends.
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also harbors the narnavirus 23S RNA launched from plasmid
pNR41 (35). This narnavirus, which is seldom present in the cy-
toplasm of strains from the laboratory or nature, was a good
marker for further cytoplasmic mixing (cytoduction) experi-
ments. Next, we wanted to generate a strain with appropriate
auxotrophic markers with L-A-lus and Mlus to be used for cyto-
duction. So we chose strain 2405, which is L-A-o and carries the
kar1-1 mutation, as the recipient of cytoplasms from strain 1081
or 1082. In this way, we generated strains 1083 and 1084 that carry
the kar1-1 mutation and can maintain both viruses stably (and the
Klus killer phenotype) after more than 90 generations (three con-
secutive single-colony isolation experiments). L-A-lus and Mlus
in kar1-1 mutants allowed us to introduce the viruses into any
strain from the EUROFAN collection (made of derivatives from
the BY4741 strain that are a mating type) without nuclear fusion
to test the effect of gene deletions on the L-A-lus (or Mlus) copy
number.

Effect of SKI and MAK genes on L-A-lus. Because the amounts
of L-A in laboratory strains are affected by host mutations such as
the ski or mak mutation, we would expect similar behavior for
L-A-lus. Thus, we analyzed the amounts of L-A-lus (and Mlus) in
the wild type and in the ski1� and ski2� mutants. Strains 938 and
909 are derivatives of BY4741 that have deleted the SKI1 and SKI2
genes, respectively. We had cured endogenous L-A in these strains
by overexpression of the 5= XRN1/SKI1 exonuclease (strain 938)
or by growth at high temperature (strain 909) (26). Thus, strains
938 and 909 were L-A-o. From strain 1084, we cytoduced L-A-lus
and Mlus. The resultant ski2� cytoductant produced a Klus su-
perkiller phenotype (Fig. 4A), indicating that L-A-lus (and Mlus)
are also under the control of the SKI2 gene. Concomitantly, the
amount of Mlus in ski2� cells is much higher than in the wild-type
strain (Fig. 4B). When we introduced L-A-lus and Mlus into the
ski1� 938 strain, we observed that most cytoductants had lost
Mlus spontaneously (Fig. 4C) and that they carried enormous
amounts of L-A-lus. This strain (1088) was used as the donor of
L-A-lus alone in the next cytoplasmic mixing experiments to gen-
erate a set of laboratory strains that carry only L-A-lus. We had
interest in analyzing this new variant of L-A in the absence of
Mlus. In this way, we generated strain 1089 (Table 1) by introduc-
ing L-A-lus into strain 2405. Strain 1089 is the laboratory strain
with L-A-lus only that we used for further experiments through-
out this work either to introduce it into appropriate strains by
cytoduction or to test the stability of L-A-lus virions with respect
to growth at high temperature compared to that of L-A virions in
an isogenic strain (1064).

When L-A-lus alone from strain 1089 was cytoduced into
strain 2927 (ski2-2 mutant), the resulting strain (1094) also had
enormous amounts of L-A-lus, as happened in the ski1� back-
ground. Figure 4D shows the amounts of L-A-lus alone (in the
absence of Mlus) in a wild-type, ski1� mutant, or ski2-2 mutant
strain. We observed an increase of about 3- to 5-fold in the mu-
tants, similar to that described for L-A.

We also checked the effect of the mak10 mutation on L-A-lus
maintenance. All cytoductants from strain 1084 into the EURO-
FAN mak10� deletion mutant were L-A-lus-o and concomitantly
Mlus-o.

Distribution of L-A-lus in nature. To study which type of L-A
was present in wild yeasts, we selected around 30 wine strains from
our stock collection (Table 2). Most of them had been analyzed
previously by agarose gel electrophoresis, in a screening for the

presence of 20S or 23S RNA virus (35). For the specific L-A RT-
PCR analysis, we selected only those strains that carried a band of
dsRNA with a size compatible with that of L-A or L-BC (4.6 kb).
By performing killing assays on MB plates seeded with appropriate
sensitive strains, we found that about half of the strains were killers
(either K2 or Klus) and the others were nonkillers. Some of the
nonkiller strains, however, carried either M2 or Mlus dsRNA (Ta-
ble 2). None of the strains tested showed the K1 phenotype. The
type of L-A present was determined by RT-PCR analysis with two
pairs of oligonucleotides: NR88 and NR80, which anneal specifi-
cally to L-A-lus and give rise to a 1,270-bp DNA fragment, and
RE548 and RE549, which amplify an 1,485-bp fragment from the
L-A 5= end (Fig. 2B). As internal controls, we used RNAs from
strain EX198 (for L-A-lus) or 2403 (for L-A) in each amplification
experiment (Fig. 2B, lanes 1 and 2). We found that none of the 31
strains analyzed carried L-A. From the previously described Klus
strains (Klus-1 to Klus-4) (11), we could amplify an RT-PCR frag-
ment of the expected size, suggesting that they carried the same
L-A-lus variant. And indeed, when these RT-PCR fragments were

FIG 4 Effect of ski mutations on L-A-lus or Mlus amount and Klus activity.
(A) Isolated colonies from strain 1084 (wt) or strain 1085 (ski2�) were ana-
lyzed for killer activity by replica plating onto an MB plate seeded with the
sensitive strain 5X47. Clear big halos surrounding the ski2� colonies indicate a
Klus superkiller phenotype. (B) RNAs from two colonies of the strains shown
in panel A were separated in an agarose gel, blotted onto a nylon membrane,
and hybridized with a mixture of L-A-lus- and Mlus-specific probes. The up-
per panel shows the ethidium bromide-stained gel, and the lower panel shows
the autoradiography of the Northern blot analysis. (C) Cytoductants from
strain 1084 (L-A-lus and Mlus) into the ski1� 938 strain lose Klus activity at
high frequency (left panel). The killer assay was done as described for panel A.
On the right panel, RNAs prepared from a killer (lane 1) or a nonkiller (lane 2)
colony were separated in an agarose gel and visualized by ethidium bromide
staining. (D) Strains 1089 (wt), 1094 (ski2-2), and 1088 (ski1�) that carry
L-A-lus alone (Mlus-o) were grown in YPAD medium in duplicate tubes. Total
RNAs were analyzed as described for panel B. The upper panel shows the
ethidium bromide-stained gel. The lower panel shows the Northern blot hy-
bridized with an L-A-lus-specific probe.
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directly sequenced, we confirmed that all of them had the same
L-A-lus. A fragment of the same size was also amplified from the
remaining strains, though in some cases less efficiently (Fig. 2B
shows some of the RT-PCR results). This prompted us to se-
quence all the PCR products. We found that 13 of the 16 strains
that harbor M2 dsRNA in Table 2 carried a different L-A variant
with about 75% identity (in the fragment so far sequenced) to the
other two L-As (see Fig. S4 in the supplemental material). This
new L-A, which we designated L-A-2, was present only in K2 kill-
ers. As mentioned in the introduction, a different L-A helper virus
in K2 killer strains had already been described (12, 13). However,
its nucleotide sequence was never reported. The rest of strains
listed in Table 2 (n � 18), including all the strains that harbor
Mlus, several nonkiller strains that carry no M dsRNA, and three
strains that harbor M2, have L-A-lus. The presence of L-A-lus in
M2-containing strains was somewhat unexpected, because we
have observed that in haploid laboratory strains, L-A-lus, in fact,
cannot maintain M2 dsRNA (N. Rodriguez-Cousiño and R. Este-
ban, unpublished data). We are in the process of characterizing
this association more deeply. In summary, data in Table 2 strongly
indicate an association between L-A-lus and Mlus or between
L-A-2 and M2, suggesting that each toxin-producing satellite M
dsRNA is specifically associated with a distinct L-A helper virus.
None of the strains carried either L-A or M1 dsRNA. In our wine
strain collection, we did not find any K28 killer strain; thus, we do
not know which type of L-A helper virus is accompanying M28
dsRNA. In the original K28 isolate, the L-A present (called L28)
also showed certain differences from K1 strains with respect to
L-A (10).

L-A-lus excludes L-A. The absence of L-A in killer wine strains
from different geographical locations and the prevalence in these
natural environments of specific L-A variants (associated with
Klus or K2 strains) led us to investigate whether these new L-A
variants could work as helper viruses of different satellite killer-
producing M dsRNAs under controlled laboratory conditions
(i.e., in haploid cells). We focused our attention on L-A-lus and
L-A. The amount of L-A in different laboratory strains is variable.
Strain 2404 harbors enormous amounts of L-A, while strain
BY4741, from which the EUROFAN collection derives, carries an
L-A of much reduced copy number (see Fig. S3 in the supplemen-
tal material). To generate isogenic strains with different copy
numbers of L-A, we constructed strain 1064 by cytoducing the
cytoplasm of BY4741 into strain 2405 (isogenic to 2404 but L-A-
o). These haploid strains (2404 and 1064; Table 1) were mated out
with strain 1098, which carries L-A-lus. Strain 1098 had been ob-
tained by transferring the cytoplasm of 1089 into strain 2928. A
total of 12 independent diploid clones, 6 from each cross (1098 

2404 or 1098 
 1064), were analyzed by Northern hybridization.
None of them carried both L-As together, indicating that they are
excluded by each other, a phenomenon frequently found and al-
ready described for totivitus in the same cell. Unexpectedly, all
diploids analyzed carried L-A-lus and none L-A, indicating that
L-A-lus was outcompeting L-A (Fig. 5A). This is even more strik-
ing in the case of the diploids between strains 2404 and 1098. We
estimated that there were at least 5-fold more L-A molecules than
L-A-lus molecules in the original zygote after fusing both cyto-
plasms; nevertheless, in a few generations L-A was completely ex-
cluded by L-A-lus. Because L-A-lus in nature is predominantly
present in diploid or poliploid yeast cells, we reasoned that per-
haps this exclusion was dependent on the ploidy state of the cell.

So we carried out cytoplasmic mixing experiments analyzing only
haploid cells. Because strains 2404 and 1064 carry the kar1-1 mu-
tation, L-A-lus from strain 1098 was introduced into them by
cytoplasmic mixing. A total of 12 cytoductants from each experi-

FIG 5 Exclusion of L-A by L-A-lus. (A) Exclusion in diploids. Strain 1098
carrying L-A-lus was mated either with strain 2404 (L-A, high copy number)
or with strain 1064 (L-A, low copy number). Total nucleic acids from parental
strains (lanes 1 to 3) and six independent diploid (2n) colonies from cross
1098X2404 (lanes 4 to 9) or from cross 1098X1064 (lanes 10 to 15) were
analyzed by agarose gel electrophoresis. The top panel shows the ethidium
bromide-stained gel, the middle panel shows a Northern hybridization with an
L-A-lus-specific probe, and the lower panel shows the hybridization with an
L-A-specific probe. The probes were the same as used for the experiments
represented in panels 3 and 1 of Fig. 2A, respectively. (B and C) Exclusion of
L-A by L-A-lus in haploid cells. L-A-lus from strain 1098 was introduced into
strain 1064 (B) or strain 2404 (C) by cytoduction. Total nucleic acids from 12
independent cytoductants in each strain (panel lanes 1 to 12) together with the
respective parental strains were separated in agarose gels and transferred to
nylon membranes. The presence of L-A-lus or L-A on the membranes was
determined by Northern hybridization using an L-A-lus-specific probe (top
panels) or an L-A-specific probe (bottom panels). As shown in the panels in
Fig. 2A, there was a minor cross-hybridization between the L-A- or L-A-lus-
specific probes and the other type of L-A. This accounts for the weak hybrid-
ization signals observed in the lower portions of panels A and B.

L-A-lus Virus in Klus Wine Yeast Strains

August 2013 Volume 79 Number 15 aem.asm.org 4669

http://aem.asm.org


ment were analyzed by Northern hybridization (Fig. 5B and C). In
the case of cytoductants to strain 1064, all them carried L-A-lus
(Fig. 5B). In the case of mixed cytoplasms between 2404 and 1098,
more than half (seven) carried L-A-lus; three had L-A, and two of
them had a mixture of L-A and L-A-lus (Fig. 5C). Further colony
isolation from these mixed clones produced colonies either with
L-A or with L-A-lus. In conclusion, we have found that, not only
in diploid cells but also in haploid cells, L-A and L-A-lus cannot
coexist in the same cell and there is an overwhelming predomi-
nance of L-A-lus over L-A.

L-A and L-A-lus show different sensitivities to growth at high
temperature or to different nucleases. The exclusion of L-A by
L-A-lus in diploid or haploid cells (Fig. 5) led us to analyze the
behavior of L-A-lus under different conditions known to affect
L-A copy number. We selected three conditions: (i) growth at high
temperature, (ii) effect of the 5= SKI1 exonuclease overexpression
(26), and (iii) expression of the RNA interfering enzymes Dcr1p
and Ago1p from S. castellii (32). (i) First, we tested growth at high
temperature (40°C) because this has been the method of choice to
eliminate M1 virions (and in most strains, also L-A) (48, 49). Cells
from isogenic strain 1064 (L-A) or 1089 (L-A-lus) were spread for
single-colony isolation on YPAD plates. After 2 to 3 days, cells
from independent colonies were again reisolated on fresh YPAD
plates. After 3 consecutive colony isolation experiments, RNAs
from 8 independent colonies in each strain were analyzed by
Northern hybridization. All colonies from strain 1064 had lost
L-A, while all the colonies from strain 1089 maintained similar
amounts of L-A-lus (Fig. 6A). Prolonged periods of incubation at
this high temperature did not result in L-A-lus-o cells, confirming
that L-A-lus is resistant to the treatment. The original Klus strain
from which the L-A-lus in strain 1089 derives had been isolated
from the Extremadura region (Spain), with an average tempera-
ture a few degrees higher than other regions in the country. These
conditions may be favorable for L-A-lus maintenance. We also
checked the effect of growth at high temperature on L-A-lus cur-
ing using strain 1084, which carries Mlus in addition to L-A-lus
and thus has a diminished L-A-lus copy number. Again, we did
not observe any curing of either L-A-lus or Mlus under these con-
ditions. (ii) We next used two isogenic strains with L-A or L-A-lus
to overexpress the 5= exonuclease SKI1. Strains 1098 and 1127
(Table 1) that carry the his3 mutation were transformed with vec-
tor pRE914. This plasmid expresses SKI1 from the constitutive
PGK1 promoter and cures L-A with high efficiency (26). Northern
hybridization of several transformants of strain 1127 confirmed
that L-A could indeed be eliminated in 50% of the colonies ana-
lyzed (Fig. 6C, right). In the case of L-A-lus, however, we observed
a decrease in the amount of L-A-lus, but nevertheless, after several
single-colony isolation rounds, none of the colonies expressing
SKI1 were cured of L-A-lus (Fig. 6C, left). (iii) Finally, we tested
the effect of Dcr1p and Ago1p endonuclease expression on both
types of L-A. It has been published that the genomic insertion and
expression of Dcr1p and Ago1p from S. castellii in S. cerevisiae
caused the elimination of M1 and L-A dsRNA viruses and so the
killer phenotype at high frequency (31). We wondered whether
the same was true for L-A-lus. Both genes from plasmids pRS404-
PTEF-Ago1 and pRS405-PTEF-Dcr1 (32) were inserted into the
genome of strain TF395 that carried no L-A, as described in Ma-
terials and Methods, to produce strain 1150 (Table 1). Next, L-A
or L-A-lus was introduced by cytoduction from donor strains
1064 or 1089 into strain TF395 or 1150. Figure 6B shows that, in

contrast to what was previously described, the expression of
Ago1p and Dcr1p could not eliminate either L-A or L-A-lus from
the strains expressing the endonucleases. In the case of L-A, there
was a big decrease of its copy number due to Dcr1p and Ago1p
expression. We again observed that the L-A-lus copy number,
though diminished, was much less affected than that of L-A by
Dcr1p and Ago1p. We cannot explain the discrepancy between
our data and the reported loss of L-A when the RNAi endonu-
cleases are reconstituted in S. cerevisiae cells. Perhaps it might be
due to the simultaneous presence of M1 and L-A viruses in those
cells. In conclusion, all data presented here confirm that L-A-lus

FIG 6 Different sensitivities of L-A and L-A-lus to growth at high temperature
or to in vivo nuclease expression. (A) Cells of strain 1064 (L-A, upper panels) or
strain 1089 (L-A-lus, lower panels) were streaked for single-colony isolation
on an YPAD plate and incubated at 40°C for 3 days. Single colonies were
reisolated twice and grown under the same conditions. Then, RNAs from 8
independent colonies from each strain were analyzed in two agarose gels. The
upper panels show the ethidium bromide-stained gels. After Northern blot-
ting, RNAs were detected by hybridization with an L-A (strain 1064)- or an
L-A-lus (strain 1089)-specific probe. (B) Left panels: L-A-lus-containing
strains 1147 and 1145 are isogenic except for the AGO1 and DCR1 genes from
S. castellii expressed in strain 1145. RNAs (in duplicate) were prepared after 2
days of growth at 28°C, separated in an agarose gel, and detected by Northern
analysis with an L-A-lus-specific probe (lanes 1 to 4). Right panels: strains 1148
and 1146 carrying the L-A virus were analyzed as described for the left panels.
Strain 1146 expresses the AGO1 and DCR1 genes from S. castellii. RNAs were
analyzed by Northern hybridization with an L-A-specific probe (lanes 5 to 8).
(C) Cells of strain 1098 (L-A-lus, left panels) or strain 1127 (L-A, right panels)
were transformed with vector pRE914 that overexpresses the SKI1/XRN1 5=
exonuclease. RNAs from 4 transformants in each strain were analyzed by
Northern hybridization with probes specific for L-A-lus (strain 1098, lanes 1 to
4) or for L-A (strain 1127, lanes 5 to 8). The upper panels show the ethidium
bromide-stained gels and the lower panels the autoradiograms. In lanes 7 and
8 in the agarose gel, there is a band with the same mobility as that correspond-
ing to L-A which is not recognized by the L-A probe (lower panel). It corre-
sponds to L-BC dsRNA present in strain 1127.
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virions are more resistant than those of L-A to any of the traits
analyzed and may explain why, in the yeast wine strains of Table 2,
isolated from different sources, the L-A from laboratory strains
was not found.

Helper activity of L-A-lus for various satellite RNAs. As men-
tioned above, in wine yeasts L-A-lus was mostly associated with
Klus strains (Table 2). Because we did not find any M1-containing
strain in that screening, we wondered if L-A-lus could maintain
M1. In our laboratory, we have K1 killer strains that carry M1
dsRNA in the absence of L-A helper virus, provided that the L-A
coat proteins are expressed from a vector (37). One of those strains
(559; Table 1) was used as the donor to cytoduce M1 virus into the
1085 strain that carries L-A-lus and Mlus. Strain 1085 has the SKI2
gene deleted, and it produces on a sensitive lawn a larger Klus
killing zone than that seen with the SKI2 wild-type strain (Fig. 4A).
Several cytoductants were isolated and analyzed by killer assay,
and their RNAs were separated on an agarose gel. Figure 7A shows
a killing assay of the original mixture of cytoductants. We can
observe two types of killing halos. The clearer ones correspond to
K1 killing zones, and the opaque ones correspond to Klus killing
(which in general appears not to lyse the cells completely). The
ethidium bromide-stained agarose gel shows that the cells carried
either M1 or Mlus dsRNA. We could not find any colony with
both satellite RNAs together, confirming previous data about ex-
clusion between different satellite toxin-producing M dsRNAs
(14). Some of the cytoductants with L-A-lus and M1 were streaked
again for single-colony isolation, and we checked their killer ac-
tivity on MB plates. All of them were stable killers, indicating that
L-A-lus can maintain M1. Because this strain (1086) was a ski2�
mutant, we wondered if the large amount of L-A-lus in this back-
ground was necessary for M1 maintenance. To test the behavior of
L-A-lus and M1 in a wild-type strain, we introduced the cytoplasm
of strain 1086 into strain 2405, which carries no L-A. Strain 1087
now harbors L-A-lus and M1, and after three consecutive single-
colony isolations, M1 was maintained stably by L-A-lus. Thus,
L-A-lus has helper virus activity for M1 dsRNA. We could not
directly address the issue of whether L-A, in turn, could maintain
Mlus. As we have shown above, mating an L-A strain to an L-A-lus
strain produced exclusion of L-A. However, it has been shown that
in a mak10-1 mutant, which cannot support L-A-lus replication,
Mlus can be maintained by L-A virions made with Gag and Gag-
Pol expressed from the pI2L2 vector (11). Thus, at least under
conditions of overexpression of the helper virus coat proteins, that
possibility exists.

L-A-lus can also maintain X dsRNA, a deletion mutant of L-A
virus. The X genome is only 530 bp long (about 12% of the paren-
tal molecule length) and contains the first 25 nt of L-A 5= end, and
the rest comes from the 3= end. X contains the transcription, rep-
lication, and encapsidation signals of L-A (6). Strain 455, which
carries X and its helper virus L-A, was cytoduced into strain 2928
transformed with plasmid pI2L2, which expresses L-A coat pro-
teins. It is known that L-A proteins expressed from a vector ex-
clude the resident L-A virus in the cell (50). In this way, we con-
structed a strain that carries X maintained by plasmid pI2L2
without its helper virus L-A. This strain (1101) was later used as
the donor for cytoduction into strain 1089, which carries L-A-lus.
All cytoductants analyzed (strain 1113) could maintain X stably by
L-A-lus (Fig. 7C). Even though X carries the replication signals of
L-A, there is no exclusion of X by L-A-lus (as we have shown for its
parental virus L-A). Probably due to its small size (0.5 kb), X can

be replicated at a much higher rate than the helper virus L-A-lus.
All these data together reveal that the new L-A-lus variant identi-
fied in this work, though specifically associated with Mlus dsRNA
in natural strains, is quite versatile in maintaining different types
of satellite RNAs under laboratory conditions. Figure 3B shows
the 3=-end sequences and the predicted secondary structures of
the satellite RNAs that can be maintained by L-A-lus virus.

The Pol domains of L-A and L-A-lus are exchangeable to pro-
duce hybrid virions with helper activity over different satellite
dsRNAs. Because of the similarity between Gag and Pol from L-A
and L-A-lus, we wondered whether hybrid virions could function
as helper viruses, thus supporting different satellite dsRNAs. So we
constructed plasmid pRE1290 as described in Materials and

FIG 7 Helper activity of L-A-lus virus for various satellite RNAs. (A) Exclu-
sion of M1 and Mlus maintained by L-A-lus. Killer activity of cytoductants
from strain 559 (carrying M1 virions supported by vector pI2L2) into the Klus
ski2� 1085 strain that harbors L-A-lus and Mlus. Two types of killer halos (K1
and Klus) indicated by the arrows are distinguished. (B) Total RNAs from
several colonies shown in panel A were analyzed on an agarose gel. The
ethidium bromide (EtBr)-stained gel is shown. Colonies carried either Mlus or
M1 dsRNA (indicated by the upper arrows). Mlus and M1 show different
mobilities (2.3 and 1.8 kb, respectively) on the gel. The amount of L-A-lus was
variable, probably as the result of residual activity of vector pI2L2 in the tran-
sient heterokaryons, which produced the cytoductants. The presence of vector
pI2L2 may increase the L-A-lus copy number. (C) Maintenance of X, a dele-
tion mutant of L-A, by L-A-lus. RNAs from two colonies of strain 1101 (Table
2) that carried L-A-lus, and into which X virions were introduced by cytoduc-
tion, were separated in an agarose gel and transferred to a nylon membrane
(lanes 1 and 2). In parallel, RNAs from control strains that carry either L-A
(1064, lane 3) or L-A-lus (1089, lane 4) were also loaded in the same gel. The
upper panel shows the ethidium bromide-stained gel. The lower panels show
two Northern blots hybridized with X (left) or L-A-lus (right) probes. Note
that the probe that recognized X (the last 530 nt of L-A) also weakly recognized
L-A-lus.

L-A-lus Virus in Klus Wine Yeast Strains

August 2013 Volume 79 Number 15 aem.asm.org 4671

http://aem.asm.org


Methods in which the Pol part of L-A was substituted by Pol from
L-A-lus. Strain 2928 was first transformed with plasmid pRE1290.
Next, M1 virions were cytoduced from strain 559 to construct
strain 1118. The resultant cytoductants can maintain stably M1
virions (see Fig. S5 in the supplemental material). Also, the hybrid
L-A/L-A-lus virions expressed from pRE1290 could maintain sta-
bly M2 or Mlus dsRNAs (Rodriguez-Cousiño and Esteban, un-
published). All these data together suggest that the variable amino
acid interval of about 45 amino acids that separates the Gag and
Pol domains in each helper virus is likely to play a role only in the
spatial separation between the domains. Given that the Pol part of
Gag-Pol does not interfere in the assembling of Gag and is main-
tained in the inside part of the virion during the encapsidation
process, the amino acid composition of that interval does not
seem to be important in the L-A virus cycle. Plasmid pRE1290
expresses enormous amounts of Gag and hybrid Gag-Pol as
checked by Western blot analysis. An unlimited supply of these
proteins to form virions may account for the apparent lack of
specificity that allows encapsidation and replication of the differ-
ent satellite RNAs. A different situation occurs in nature, where
each satellite RNA is specifically associated with a distinct type of
helper virus. In the virions produced from a vector, there is no
competition with the helper virus and its satellite RNA, because
the L-A parental RNA expressed from the vector is not encapsi-
dated to form stable virions.

L-BC virus, another totivirus in the same yeast strains, shows
less variation than L-A. L-BC is another totivitus evolutionarily
related to L-A and frequently present in the same yeast strains that
carry L-A. In fact, over 50% of the strains analyzed in Table 2
harbor L-BC. L-BC has no helper activity with respect to any kill-
er-producing satellite dsRNA, and its presence is not associated
with any particular phenotype. Because we have found differences
of around 25% in the nucleotide sequences of L-A viruses isolated
from different yeast killer strain populations, we wondered
whether the L-BC virus in these strains also showed similar vari-
ation. In contrast to the L-A results, however, we found that L-BC
isolated from wine strains shows a lesser degree of variation than
the L-BC in laboratory strains. Several partial sequences from RT-
PCR products amplified by random priming from strain EX229
(or other wine strains) showed about 90% conservation with re-
spect to the published L-BC sequence from a laboratory strain
(Rodriguez-Cousiño and Esteban, unpublished).

DISCUSSION
L-A variants in nature. In this work, we have identified and char-
acterized a new L-A variant in Klus wine strains. This variant,
named L-A-lus, shows nucleotides that are 73% identical to those
of the L-A virus in K1 laboratory strains and is the helper virus of
Mlus dsRNA. The encoded proteins (Gag or Gag-Pol), however,
showed a higher degree of conservation (86%), with certain re-
gions that are more than 95% identical (particularly in the central
part of Pol in the Gag-Pol fusion protein, where the RdRp consen-
sus motifs reside) (see Fig. S1B in the supplemental material). We
have also obtained preliminary data on the existence of another
type of L-A helper virus in K2 wine strains, with a similar degree of
conservation (about 75%) at the nucleotide level (see Fig. S4 in the
supplemental material). This third L-A variant seems to be specif-
ically associated with the M2 toxin-encoding dsRNA in K2 killer
strains. Previous works (13, 51) had already mentioned that the
L-A in K2 killer strains was different from the L-A in K1 strains on

the basis of hybridization experiments. Also, the major coat pro-
teins in purified virions from both types of L-A showed different
size and trypsin-derived peptide maps. The authors called these
L-As L2A and L1A, respectively. Field et al. (12) had also reported
on the basis of T1 fingerprinting analysis and partial sequencing of
selected RNA fragments that the L-A in K1 killers and the L-A in
K2 killers were different. No further work on the sequence of L-A
in K2 killers was reported from that date. Another variant of L-A
called L28 has been also reported in the case of K28 strains (10).
Again, this variant was not further characterized. Thus, our data
on L-A-lus, preliminary data on L-A-2, and data in the literature
suggest that there are several types of L-A totiviruses in nature and
that each one seems to be associated specifically with a distinct
type of killer toxin-encoding M dsRNA. Also, in the course of this
work we have observed variation among L-A sequences within the
L-A-lus variant (Rodriguez-Cousiño and Esteban, unpublished).
In a few of the Mlus or M-o strains in Table 2, we observed various
subtypes of L-A-lus. These subtypes (three have been found so far)
bore more conservation among them at the nucleotide level (83%
to 85% identity) than was seen with the similarities between L-A
and L-A-lus (or L-A-2). The nucleotide sequence of one of these
L-A-lus variants is identical to that of a small fragment of L-A from
a strain isolated in the Hungarian wine region of Tokaj (GenBank
accession no. ABO27241). The encoded proteins (Gag or Gag-
Pol) in these L-A-lus subtypes are almost (97% to 98%) identical.
The variation within L-A-lus nucleotide sequences resembles
more that observed in different populations of the L-BC totivirus
(see below). We are characterizing these L-A-lus subtypes more
deeply to establish an evolutionary tree within L-A totivirus.

Data presented in this report, and work in progress, suggest
that each population of L-A virus has evolved to specifically main-
tain a distinct type of satellite RNA. Satellite RNAs confer to the
host different killer phenotypes and probably provide selective
advantages in competing with other nonkiller strains in natural
environments. In the evolution of RNA viruses, the lack of proof-
reading activity of their RdRps plays an important role. In each
round of replication, new variants can be generated. From them,
only those that maintain essential roles in the virus life cycle would
remain. In the case of helper viruses of toxin-producing satellite
RNAs (such as the L-A totivirus), the toxin produced by the sat-
ellite RNA (in environments where different yeast populations
coexist) may be important for a certain population to outcompete
the others. In this hypothetical situation, the selective pressure
presented by the satellite RNA may have played a major role in
selecting mainly those L-A variants that were able to maintain the
satellite RNA beneficial for the host. The limit of variation in the
helper virus nucleotide sequence would be established by the max-
imum changes in the RNA genome that permit a protein compo-
sition in the virion that is not very different from that of the pa-
rental virus (we are seeing about 85 to 90% conservation in Gag
and Pol) and by the capacity to encapsidate (and replicate) a spe-
cific satellite RNA. If changes in the helper virus sequence result in
K� cells, they are likely to be eliminated by others’ K� cells. Once
different variants of L-A have been established, we find only one
type of them in each strain analyzed due to mutual exclusion. Our
data show that the L-A in laboratory K1 strains is the weakest of all
L-As so far analyzed, based on its sensitivity to different agents
(high temperature or nucleases). This may be the reason why we
are not finding any K1 strains in our screening but are finding Klus
or K2 killers.
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In the absence of helper activity for killer toxin production (in
other words, of a selective phenotype), a similar type of totivirus,
L-BC, in the same strains shows a much lesser degree (about 90%
identity) of variation (Rodriguez-Cousiño and Esteban, unpub-
lished), suggesting that L-BC has apparently evolved at much
lower rate than L-A. As mentioned before, it also suggests that the
toxin-producing satellite RNAs have played an important role in
the evolution of their helper viruses. The origin of these toxin-
producing RNAs is not clear. Only in the case of Mlus dsRNA, the
ORF for the Klus preprotoxin is ancestrally related to a host chro-
mosomal gene (11). K2 killer toxin is frequently found among
wine strains, as shown in this study (Table 2) and others (28). A
BLAST search of GenBank (February 2013) for putative ORFs
with similarity to the K2 preprotoxin produced no results from
laboratory or wine strains of Saccharomyces. However, among
other yeasts, the ORF DEHA2G11660p from Debaryomyces han-
senii CBS 767 shows a significant (24% identity) homology to K2
preprotoxin. Recently, it was reported that Debaryomyces hansenii
carries in its genome an inserted copy of L-A virus. Also, a partial
sequence of the D. hansenii DB2008 virus is identical to the in-
serted sequence (52). In both cases, with 44% identity to the L-A
or L-A-lus of S. cerevisiae, a close evolutionary relationship is sug-
gested. Thus, it is likely that the K2-producing M2 dsRNA we find
in S. cerevisiae today may have an ancestor in the ORF in Debaryo-
myces that was somehow encapsidated into L-A virions. These
virions in Debaryomyces could later on have been transferred hor-
izontally to Saccharomyces and there evolved to produce the L-A-2
we find now widespread in K2 killer wine strains.

Analysis of L-A-lus sequence and comparison to L-A’s. The
average 73% identity between L-A and L-A-lus nucleotide se-
quences does not show any particular bias throughout the 4.6-kb
genomes, with the exception of two regions that are 100% identi-
cal, (i) the frameshifting region that facilitates the fusion of Gag
and Pol and (ii) the encapsidation signal, about 400 nt upstream of
the 3= end of the (�) strand, indicating the importance of these
two cis signals in the virus life cycle (see Fig. S1A in the supple-
mental material). These two signals are indeed conserved in all
L-A populations so far analyzed. A pair of oligonucleotides that
anneal specifically to the frameshifting or to the encapsidation
signal can amplify by RT-PCR a DNA fragment of about 2.2 kb
from any L-A dsRNA (L-A, L-A-lus, L-A-2, etc). In fact, we have
been using the strict conservation in these two regions as a means
of sequencing new L-A variants. With respect to the 5=- or 3=-end
region where important cis signals for replication or transcription
are, in general, present in RNA viruses, we did not observe such a
strict conservation, in particular at the 3= ends (Fig. 3B). In the last
20 nt of L-A’s 3= end, a cis signal for replication has been analyzed
in detail (6). The 3= end of L-A-lus, however, does not show a high
degree of conservation with respect to L-A’s (or to several satellite
RNAs) (Fig. 3B). It is likely that the secondary or tertiary structure
(more than the sequence itself) plays a role in replication in L-A-
lus. In the case of the 5= ends, L-A and L-A-lus are more conserved.
Both are also UA rich, in similarity to other dsRNA virus genomes
(Fig. 3A).

At the level of the proteins (Gag or Gag-Pol) encoded by L-A or
L-A-lus, as mentioned in Results (see also Fig. S1B in the supple-
mental material), there is 86% conservation. The central part of
Gag is quite similar, probably reflecting structural constraints
of Gag to interact to another Gag subunit to form the asymmetric
Gag dimer present in the icosahedral L-A virion (with a T � 1

triangulation number). There is, however, a striking variation of
several amino acids close to H154, an amino acid involved in an
enzymatic reaction within a structural protein (cap-snatching).
Like His154, the downstream variable amino acids are likely to be
facing the outer surface of the virion and they do not seem to be
structurally important. A second stretch of variable amino acids is
in the N-terminal one-third of Pol within Gag-Pol (see Fig. S1B in
the supplemental material) and is likely to be separating the Gag
and Pol domains in the fusion protein. In this protein, the Gag
part is anchored in the virion interacting with other Gag subunits,
while Pol is facing the inner part of the shell. There, it would be
engaged in the transcription or replication activities that take
place inside the virions on the L-A dsRNA or L-A (�) strand
templates, respectively (Fig. 1A). This variable region of about 45
amino acids, rich in hydrophobic amino acids, was also found in
the Gag-Pol encoded by L-A-2 (Rodriguez-Cousiño and Esteban,
unpublished), suggesting that it is indeed separating the two do-
mains and not interacting tightly with other amino acids from
either Gag or Pol. Hybrid virions expressed from vector pRE1290
(with the Pol and Gag domains from different L-A virus) (see Fig.
S5 in the supplemental material) support this claim.

The understanding of the complex interactions between an
RNA virus and its killer toxin-producing satellite RNAs, or be-
tween them and the metabolism of the host where they reside,
offers new insights into the factors involved in the colonization of
new ecological niches by yeast strains carrying these viruses. Also
of interest is the positive role that the presence of these toxin-
producing satellite RNAs plays not only in the host to outcompete
other nonkiller strains but in the evolution of the helper virus
itself, providing a rich variety of viruses ready for the appearance
of new killer toxin-producing RNAs.
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