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Abstract

Background: Occurrence of extrachromosomal dsRNA elements has been described in the red-yeast
Xanthophyllomyces dendrorhous, with numbers and sizes that are highly variable among strains with different
geographical origin. The studies concerning to the encapsidation in viral-like particles and dsRNA-curing have
suggested that some dsRNAs are helper viruses, while others are satellite viruses. However, the nucleotide
sequences and functions of these dsRNAs are still unknown. In this work, the nucleotide sequences of four dsRNAs
of the strain UCD 67-385 of X dendrorhous were determined, and their identities and genome structures are
proposed. Based on this molecular data, the dsRNAs of different strains of X. dendrorhous were analyzed.

Results: The complete sequences of L1, L2, ST and S2 dsRNAs of X. dendrorhous UCD 67-385 were determined,

finding two sequences for L1 dsRNA (L1A and L1B). Several ORFs were uncovered in both ST and S2 dsRNAs, but
no homologies were found for any of them when compared to the database. Instead, two ORFs were identified in
each L1A, L1B and L2 dsRNAs, whose deduced amino acid sequences were homologous with a major capsid
protein (5-ORF) and a RNA-dependent RNA polymerase (3'-ORF) belonging to the Totiviridae family. The genome
structures of these dsRNAs are characteristic of Totiviruses, with two overlapped ORFs (the 3-ORF in the —1 frame
with respect to the 5-ORF), with a slippery site and a pseudoknot in the overlapped regions. These structures are
essential for the synthesis of the viral polymerase as a fusion protein with the viral capsid protein through —1
ribosomal frameshifting. In the RNase protection analysis, all the dsRNAs in the four analyzed X. dendrorhous strains
were protected from enzymatic digestion. The RT-PCR analysis revealed that, similar to strain UCD 67-385, the LTA
and L1B dsRNAs coexist in the strains VKM Y-2059, UCD 67-202 and VKM Y-2786. Furthermore, determinations of
the relative amounts of L1 dsRNAs using two-step RT-gPCR revealed a 40-fold increment of the ratio L1A/L1B in the
S2 dsRNA-cured strain compared to its parental strain.

Conclusions: Three totiviruses, named as XdV-L1A, XdV-L1B and XdV-L2, were identified in the strain UCD 67-385

of X dendrorhous. The viruses XdV-L1A and XdV-L1B were also found in other three X. dendrorhous strains. Our
results suggest that the smaller dsRNAs (named XdRm-S1 and XdRm-S2) of strain UCD 67-385 are satellite viruses,

and particularly that XdRm-S2 is a satellite of XdV-L1A.
Keywords: X. dendrorhous, dsRNA, Totivirus, Mycovirus

Background

Mycoviruses with double-stranded RNA (dsRNA) gen-
omes are widespread in yeasts and filamentous fungi,
and unlike mammalian viruses, they do not possess an
extracellular route of infection or exhibit harmful
effects against their hosts [1,2]; even if some exception
have been described where the mycoviruses do have a
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deleterious effect on their hosts [3,4]. These viruses
are primarily considered as functionally cryptic genetic
elements, and only in a few cases, they have been
associated with a detectable phenotype in the host,
such as hypovirulence or antifungal activity (killer sys-
tem) [5,6]. The dsRNA viruses encoding killer systems
in Ustilago maydis and Saccharomyces cerevisiae are
the best characterized [7-10], and both belong to the
family Totiviridae. This family is subdivided into the
genera Totivirus, Giardiavirus and Leishmaniavirus,
whose members are characterized by an undivided
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dsRNA genome and isometric virions with no lipid or
carbohydrate content, which are commonly denoted as
Virus-Like Particles (VLPs) because they are not infec-
tious [11]. The type species of the genus Totivirus is
the S. cerevisiae virus L-A, found in most of the yeast
strains either individually or in combination with other
dsRNAs (M dsRNAs), such as occurs in the Kkiller
strains. In the 4.6-kb L-A genome, there are two over-
lapping ORFs: the 5-ORF (Gag) encoding a major cap-
sid protein (Gag or CP) and the 3’-ORF (Pol) encoding
a RNA-dependent RNA polymerase (RdRp). The viral
polymerase is synthesized as a fusion protein with Gag
through a translational -1 frameshifting event. The
genome of the M dsRNA (1.6 to 1.8 kb) only has one
ORF encoding a killer toxin and self-immunity, and is
called a satellite virus because it depends on the pro-
teins encoded by L-A (helper virus) for encapsidation
and replication [10].

The existence of VLPs and extrachromosomal dsRNA
elements with estimated lengths of 5 (L1), 3.7 (L2), 1.4
(M), 0.9 (S1) and 0.8 (S2) kbp have been described in
Xanthophyllomyces dendrorhous (formerly Phaffia rho-
dozyma) [12-15]. This basidiomycetous yeast has been
isolated from cold climate areas around the world [16-
20] and is currently one of the most promising sources
of astaxanthin, a biotechnologically important caroten-
oid pigment [21,22]. Polymorphic dsRNA-profiles have
been observed in X. dendrorhous in which there are
strains that have zero, one, two, or four dsRNAs, and
the encapsidation into VLPs have been determined for
some of them [12,13,15]. In curing experiments per-
formed with the UCD 67-385 strain, which has L1, L2,
S1 and S2 dsRNAs, the concentration of L1 dsRNA is
significantly increased as a consequence of the loss of S2
dsRNA (in the cured strain 385(S2)), while the amounts
of L2 and S1 dsRNAs remain similar between the paren-
tal and cured strains [12,13,15]. These results suggest
that the dsRNAs of X. dendrorhous are mycoviruses and
that there exist helper/satellite systems in some strains
of this yeast. However, there is no data regarding dsSRNA
nucleotide sequences, and the only information reported
concerning relationships is derived from hybridization
experiments among the dsRNAs of different X. dendror-
hous strains, including a 5.0-kb dsRNA from Cystofiloba-
sidium and the dsRNAs of strains CBS 5908 and ATCC
24203 of X. dendrorhous [23]. In this work, the molecu-
lar characterization of the dsRNA elements of X. den-
drorhous was performed. The strain UCD 67-385 was
selected for cloning and sequencing because it harbors
almost all of the various dsRNAs reported in this yeast.
Based on the molecular data obtained, the putative viral
identity for dsRNAs was proposed, and the dsRNAs of
different X. dendrorhous strains were analyzed using RT-
PCR and two-step RT-qPCR methods.
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Results

Cloning and sequencing of dsRNAs

The X. dendrorhous strain UCD 67-385 was selected for
cloning purposes because it contains two large (L1 and
L2) and two small (S1 and S2) dsRNAs, representing at
least in size almost all of the various dsRNAs that have
been reported in different strains of this yeast [15]. All
dsRNAs used for cloning purposes and RT-PCR analyses
were treated with DNase I and purified from agarose gels.
The SISPA methodology [24,25] was used to clone the en-
tire dsRNAs, but only positive results were obtained for
small dsRNAs. Thus, an alternative strategy including the
construction of ¢cDNA libraries and primer walking was
employed for the cloning of L1 and L2 dsRNAs, as
described in the methods section. The cDNA sequences
obtained from random clones were assembled, and con-
tigs of approximately 1.6 and 1.5 kbp for L1 and L2
dsRNAs, respectively, were generated. The dsRNA-origins
of the cDNAs were confirmed using RT-PCR with specific
primers designed from each contig. Based on these
sequences, the primer-walking experiments were per-
formed in both directions, selecting the clones in each ex-
tension step harboring larger cDNAs by colony-PCR
using vector primers. Finally, the 3" ends of dsSRNA mole-
cules were determined using RLM-RACE as described in
the methods section. This experimental strategy success-
fully generated the entire L2 dsRNA sequence, but some
discrepant results were obtained for L1 dsRNA because
several of the new sequences generated in the extension
steps were not spliced at 100% with the preceding contig-
assembly. These results suggested the existence of at least
two molecules of L1 dsRNA with similar lengths and dif-
ferent sequences. This result was confirmed through com-
parisons with the results obtained in the sequencing of the
total RNA of X. dendrorhous UCD 67-385 using the
sequencing-by-synthesis technology (http://www.illumina.
com/technology/sequencing_technology.ilmn) on the mas-
sively parallel [llumina Genome Analyzer II. Considering the
sizes and nucleotide sequences obtained, five different
dsRNAs were identified: L1A (4,655 bp), L1B (4,619 bp), L2
(3,962 bp), S1 (962 bp) and S2 (766 bp), which have
been deposited in the GenBank database under the
numbers JN997472, IN997473, JN997474, IN997475 and
JN997476, respectively.

Bioinformatic analysis and genome organization of the
dsRNAs

Several ORFs with lengths ranging from 108 to 600 nt
were observed in the S1 and S2 dsRNAs (only the major
OREFs are shown in Figure 1); a comparison against the
NCBI database revealed no significant hits for the nu-
cleotide sequences or translated ORFs. In all L1A, L1B
and L2 dsRNAs, two ORFs (ORF1 and ORF2) were de-
tected. The translated sequences of the 5-ORF (ORF1)
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Figure 1 Genome structure of dsRNAs of X. dendrorhous UCD 67-385. The predicted ORFs and putative genes are indicated. Gag, major
capsid protein; Pol, RNA dependent RNA polymerase. The ORF-frame is indicated in parenthesis. The predicted ATG-start codons for ORF 2 are
indicated, and the length of the putative overlapping regions is denoted in the square brackets.
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Figure 2 Overlapping regions of viral dsRNAs of X. dendrorhous. The putative slippery sites are underlined. The box indicates the predicted
sequences involved in the pseudoknot structures. The ORFs for the putative CP and RdRp are indicated in gray and black, respectively.
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and the 3-ORF (ORF2) showed homologies with the
major capsid protein (CP) and an RNA-dependent RNA
polymerase (RdRp), respectively, of viruses belonging to
the in cursive family (Figure 1). As these results strongly
suggest that the dsRNAs L1A, L1B and L2 are mycov-
iruses, they were designated as XdV-L1A, XdV-L1B and
XdV-L2 for Xanthophyllomyces dendrorhous virus,
whereas the small dsRNAs were designated as XdRm-S1
and XdRm-S2 for Xanthophyllomyces dendrorhous
dsRNA molecule. The nucleotide length of the predicted
5 and 3’ untranslated regions (UTRs) of each viral
dsRNA are 31 and 59 nt in XdV-L1A, 32 and 25 in
XdV-L1B and 73 and 35 in XdV-L2, respectively. As
shown in Figure 1, the ORFs for the putative RdRp (Pol)
were in a —1 frame with respect to the ORFs for the pu-
tative CP (Gag) in the large dsRNAs. This type of gen-
ome organization is characteristic of viruses in which the
Gag and Pol genes are overlapped and the RdRp is syn-
thesized as a fusion protein with CP as consequence of a
ribosomal -1 frameshifting event [26,27]. Two elements
in the viral (+) RNA are necessary for the efficient induc-
tion of the frameshifting event: a) a heptanucleotide
called the slippery site with the sequence X XXY YYZ
(triplets indicate the pre-frameshift codons) and b) a
downstream stimulatory RNA pseudoknot. If the pre-
dicted ATG-start codon for Pol is present as internal
codon, overlapping regions of 258, 189 and 258 nt are
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generated in XdV-L1A, XdV-L1B and XdV-L2, respect-
ively (Figures 1 and 2). Canonical slippery sites (X XXY
YYZ) adjacent to pseudoknot structures were predicted
in all three large dsRNAs (Figures 2 and 3). However,
only in XdV-L1B these elements can probably induce the
expression of a CP-RdRp fusion protein, as in the other
two large dsRNAs both elements are located out of the
overlapping region. The slippery site necessary to express
the fusion proteins in XdV-LA1l and XdV-L2 can be
GGAUUUU (Figures 2 and 3), a sequence slightly differ-
ent from the canonical one, that can be functional as it
has been demonstrated in the induction of frameshifting
events in flavivirus and dianthovirus [28,29].

The comparison of the deduced amino acid sequences
of RdRps of X. dendrorhous viruses and those of the 25
members of the in cursive family are shown in Figure 4.
All eight conserved domains, which have been previously
described in viral RNA polymerases [30,31], were found
in the X. dendrorhous viruses. These domains are almost
identical among X. dendrorhous and S. cerevisiae viruses,
particularly in domains 5 (SGXXXTXXXNTXXXN [X =
any amino acid]) and 6 (GDD), which have been demon-
strated to be essential for viral function [32,33]. In the
global analysis of RdRps using the neighbor-joining
method, the X. dendrorhous viruses were grouped to-
gether with those infecting S. cerevisiae and Black rasp-
berry (Figure 5).

XdV-L1B
8-0-6-6-B0-6-6-0-0-0-

XdV-L1A and XdV-L2 ‘
--2-afe-eR-TT-To-A-0-0-0-R-6-0-E-0-R-A-A-0-A-ER ~A-A~0-6-6-0-C~8-0-0

Figure 3 Pseudoknot structure prediction. The predictions were performed using a novel pseudoknot detection method called DotKnot
(http://dotknot.csse.uwa.edu.au/) [56,57]. For the prediction of the estimated free energy (EFE), the method uses the pseudoknot loop entropy
parameters published by Cao and Chen [58,59]. The putative slippery sites are indicated in the boxed region.

HA-0-2-3-0-00-3-00
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Analysis of dsRNAs in different strains of X. dendrorhous

To determine if the dsRNA of others strains of X. den-
drorhous are putative mycoviruses, the encapsidation and
relation to viruses of the UCD 67-385 strain were ana-
lyzed. Samples of VLPs were extracted from cultures of
each strain and subjected to RNase-protection assays. As
shown in Figure 6, RNase A completely degraded the
dsRNAs in the VLP samples that were deproteinized by
the treatment with phenol (“B” lines), in contrast to the
samples not treated with phenol (“A” lines); no dsRNA
bands were observed in the direct analysis of the VLP
samples on agarose gels (not shown), indicating that
there are no free-dsRNAs that co-purified with the VLPs.
Consequently, the dsRNAs observed in the assays were
protected from enzymatic digestion, implying that these
dsRNAs are encapsidated. Similar to the putative viral
dsRNAs, the small dsRNAs are encapsidated in strains
UCD 67-385 and UCD 67-202, suggesting that the S1
and S2 dsRNAs are part of the viral system infecting
these strains of X. dendrorhous. The L1-dsRNAs in dif-
ferent X. dendrorhous strains was examined using RT-
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PCR with specific primers for XdV-L1A and XdV-L1B
designed in regions corresponding to the conserved
domains of the RdRPs (see Table 1 and Figure 4) and the
non-conserved regions of the CP-ORFs. The reverse-
transcription reactions were performed at 50°C, and the
amplicons of expected size were obtained from all L1-
dsRNAs when the conserved primers were used (Table 2),
but for non-conserved primers, positive results were
obtained only in L1-dsRNAs of Japanese strains (UCD
67-385 and UCD 67-202), whiles no amplicon were
obtained for L1-dsRNAs of strains from Russia (VKM Y-
2059 and VKM Y-2786). According to these results, the
L1-dsRNAs observed in the different strains of X. dendror-
hous correspond to the two totiviruses, which are more
related among strains with similar geographical origin.
No amplicons were obtained from the L2 dsRNA of
strain UCD 68-653C. The relative amounts of both
viruses were determined using two-step RT-qPCR of the
purified L1-dsRNAs with primers specific to each virus
(Table 1). First, the RT reactions at 50°C were performed
using the forward primers, and then the products were

1 2 3

Consensus XEX X XMXCRAX X X X XPIX X x@X X - XEAX XBAX X[ X x@x x xlexf—x[axﬂxxxﬁ]xxx-xxxxxxxxxx[n]
Tuber aestivum virus 1 28 pEL T VALNRGIGsVEWAGHKE -NAV * sAWE@IrcEE- ¥ EFRoRARNG TEIL RATT I TNEARYR cE
Saccharomyces cerevisiae virus L-A(L1) 32 FIRL A viMuElcveEVSWOoAEEKD - HEIL 423 ERcE2AFIC TRIL RETL I TN EFABIFR cE
Black raspberry virus F 27 pRLQ VAV NRG I Xk WBw vNEARK - HEo 39 yRyBw - - AFcElAN G vBIL TEsw I Tn¥A[FR cH
XdV-L1-A 27 pRLEVEAVNRIIDGVNRWEXEAKE -NEg ! NEWoMs 2 a@E- 7 1 YEw - —QEA-G THIL TERIVL SNEAF YN CH
Xdv-L2 27 rEILEVAVNERIID cVVEWEKEKE -NFo Y NEWoEs 2 AEHE- 37 E2alc TBIL TERIV L sNEAF YN CH
Xdv-L1-B 2 PRI D TAINEIDGEVEWAERRD -V ** sEWoMs 2 AEHE- % -LEAG’I‘-LTVLSNE‘AFYNCE
Gremmeniella abietina RNA virus L1 a7 ¢ SNVLGAA GPABLSERAR-YET * DEIWALIA VN[ENH 34 TEAEACPIT VERL A FE H LA PVE]
Gremmeniella abietina RNA virus L2 27 ¢ SNVLG-AAGPAELSEEAR YEIT ¢ DEAWALIA vN[EEH 345 TEAMEA CRIT VEREL A FE H LA p VEl
Aspergillus mycovirus 178 166 pla N THRGEIDVGNIML I EFAR - YT ¥ REAWGEA vNE 292 TEVARNE A CEIT vERIL A FE HLHA P vEl
Magnaporthe oryzae virus 2 2 aRaN THALGED VGATIHL REFAA -YAT 2 sEWLEA VNEERNE 3% EETEA AchIT LRFIL s FEHLEA P IR
Epichloe festucae virus 1 28 yEaNTALGED VAPVEL cKEAF N -MEAT 2 sAWARNAvNERg 4 -TEA-A CcBIT ViFL A FE H LEs TvVE
Helminthosporium victoriae virus 190S 27 yEHAN THoGEYDRTEEM DHEEAVE -sEc ™ sEWLEC VNEEQ 358 -DEA-A cplT REFF AFTYWHT P IE
Botryotinia fuckeliana totivirus 1 28 yEaaTHAGEF TNDVEM TNEHIR -sEAT % sEWLEC VNEEE 3% pEAMEA cBIT REFF A F s W IFNDV[E]
Sphaeropsis sapinea RNA virus 1 26 CPA Q TMLGEA VS TIBL AHPAE - YAC ** sEWLEC VNEEQ 3¢ TEA AC TRFAFEWLGAT
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Figure 4 Comparative analysis of the deduced amino acid sequences of the RdRps of X. dendrorhous viruses and the other 25
members of the family Totiviridae. The consensus sequence corresponds to the residues with at least 75% conservation. The conserved
domains described for the RNA polymerases are indicated with the numbers 1 to 8.
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Figure 5 Unrooted neighbor-joining tree based on the RdRp amino acid sequences of X. dendrorhous viruses and members of the
Totiviridae family. The optimal tree with the sum of branch lengths=11.96693446 is shown. The bootstrap values obtained for the 500

Debar ii virus JB-2008 (ACB98705)

submitted to qPCR as described in the methods section.
Several biological and technical replicates were designed
to evaluate the consistency of the results. A significant
amount of XdV-L1B in relation to XdV-L1A was observed
in the UCD 67-385 strain, with ratio L1B/L1A of approxi-
mately 14 (Table 2). By contrast, in the cured strain 385
(S2)-40, an inversion of the viral ratio was observed with a
significant amount of XdV-L1A (ratio L1B/L1A =0.4;

ratio L1A/L1B = 15), suggesting an approximately 40-fold
increase in relation to its parental strain UCD 67-385.

Discussion and conclusion

Previously, it has been reported that the yeast X. dendror-
hous strain UCD 67-385 has four extrachromosomal
dsRNA elements of different lengths, called L1, L2, S1
and S2. Considering the nucleotide sequences obtained

UCD 67-385
(& A

UCD 68-653C

M B M € A B

6.6-
13- L1
-L2

-S1
-S2

Figure 6 RNase protection assays of VLPs samples extracted from different X. dendrorhous strains. A: the VLPs samples digested with
RNase (1 h at 37°C) after phenol-chloroform extraction; B: the VLPs samples digested with RNase (1 h at 37°C) before phenol-chloroform; C: the

VLPs samples incubated for 1 h at 37°C; M, A Hindlll DNA marker.

UCD 67-202 VKM Y-2059

M C A B M C A B
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Table 1 Oligonucleotides used in this work
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Name Position or application Sequence (5'-3')

NBAT1 Tailing of dsRNAs (PO4)-GCAATTGTACGCCTGGAGCGC-(NH2)
NBA-1 Complementary to NBA1 GCGCTCCAGGCGTACAATTGCG
Mot4F Conserved motif 4 of RdRp of XdV-LT1A GAGGACTTCAATAGTCAACA
Mot5R Conserved motif 5 of RdRp of XdV-L1A AAGTCGTCAGCCTCCACCCC
Mot6R Conserved motif 6 of RdRp of XdV-L1A AGACATCGTCTCCGTTGTGC
L8.2R CP ORF of XdV-L1A CCGTGTAGAGCTAAAATACC
SR4 CP ORF of XdV-L1A AAGCGCATCTTCTGGGCTCA
LIVR3 CP ORF of XdV-L1B CCTCTGCTGATCTGAAATGTT
Cap288R CP ORF of XdV-L1B GAAGTTTTCGCCCACAAGAG
Mot4FB Conserved motif 4 of RdRp of XdV-L1B GAAGATTTCAACAGTCAACATAG
Mot5RB Conserved motif 5 of RdRp of XdV-L1B ATGTCGTTAACCTCCAGCCC
Mot6RB Conserved motif 6 of RdRp of XdV-L1B GCACGTCGTCGCCGTTATG

L1AF RT-qPCR, specific for XdV-L1A GCGAAAATGAAGCGATGACA
LTAR RT-qPCR, specific for XdV-L1A TTAGTCTCCGCGCCCTTCTA
L1BF RT-gPCR, specific for XdV-L1B GACGAACTGATGCCCAAACA
L1BR RT-qPCR, specific for XdV-L1B CCGGAGACAGCUCAUUGUA
Random hexamer Random cloning NNNNNN

M13F Vector GTAAAACGACGGCCAGT

M13R Vector AACAGCTATGACCATG

F, forward; R, reverse.

in this work, there are five different dsSRNAs because the
L1 dsRNA corresponds to two molecules of similar
lengths (not differentiable on agarose gels) and with dif-
ferent sequence. According to the bioinformatic analyses
and comparisons against the database, the three larger
dsRNAs are putative mycoviruses belonging to the family
in cursive, genus in cursive, and were named XdV-L1A,
XdV-L1B and XdV-L2. It was observed that all of the
dsRNA-harboring strains of X. dendrorhous are coin-
fected with two or three totiviruses, a phenomenon that
is not uncommon in fungi; some examples of mycovirus
co-infections include the potexvirus-like M-dsRNA and
SsRV-L in Sclerotinia sclerotiorum strain Ep-1PN [34,35];
the totivirus Hv190SV and the chrysovirus Hv145SV in

Cochliobolus victoria [36,37]; the totiviruses SsRV-1 and
SsRV-2 in Sphaeropsis sapinea [38]; the totiviruses ScV-
L-A and ScV-L-BC in S. cerevisiae [39]; the partitiviruses
S and F in Penicillium stoloniferum [40,41]; the dsRNA1-
related Fusarium poae virus 1, and the dsRNA3-related
Helicobasidium mompa 70 virus in the isolate V1 of the
violet root rot fungus H. mompa [42]; the totivirus-like
dsRNAs CeRV1 and CeRV2 in Chalara elegans (Thiela-
viopsis basicola) [43]; a mixed chrysovirus infection in a
strain of the endophytic and entomopathogenic fungus
Tolypocladium cylindrosporum [44]; and mycoviruses
that contain 2—4 different segments of dsRNAs in Fusar-
ium graminearum [45]. The RT-PCR analysis revealed
that all L1-dsRNAs share regions encoding conserved

Table 2 RT-PCR and RT-qPCR from L1-dsRNAs isolated from different X. dendrorhous strains

Strain Primers pairs Ratio®
L1B/L1A

Mot4F Mot4F L8.2R LIVR3 Mot4FB Mot4FB L1BF L1AF
Mot5R Mot6R SR4 Cap288Rv Mot5RB Mot6RB L1BR L1AR

VKM Y-2059 + + - - + + - - nd

UCh 67-202 + + + + + + - - nd

VKM Y-2786 + + - - + + - - nd

UCD 68-653 C* - - - - - - nd nd nd

UCD 67-385 + + + + + + + + 14 (6)

385(S2)-40 + + + + + + + + 04 (0.2)

RT-PCR determinations were made at least 3 times for each dsRNA. *, L2 dsRNA was analyzed. +: an amplicon of the expected size; -: no amplicon; nd: not
determined. ?, ratios were calculated from ct values obtained through RT-qPCR, the average of three biological replicates with three technical replicates are given;

the standard deviations are shown in parenthesis.
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domains of the viral polymerase, but non-conserved
regions are only shared by X. dendrorhous strains with
similar geographical origin.

The three viral dsRNAs of X. dendrorhous have a gen-
etic structure that is characteristic of the totiviruses,
with a putative Pol gene in the -1 frame with respect to
the putative Gag gene. Thus, the viral polymerase is
synthesized as a fusion protein with the capsid protein
through a ribosomal frame-shifting event. The two RNA
elements that are necessary for the induction of this
event, a slippery site and pseudoknot structure [26,27],
were revealed in the overlapping regions of each larger
dsRNA. This result suggests that the larger dsRNAs are
functionally independent viruses in X. dendrorhous. The
sequence of XdV-L2 is almost identical to XdV-L1A and
lacks 655 bp from the 5-end, suggesting the possibility
that XdV-L2 is a replicative intermediate of XdV-L1A.
However, we believe that XdV-L2 is an independent
virus that might have derived from XdV-L1A because
the differences at the ends of the genomes, it is always
present independent of the growth phase of the yeast
[15], it is encapsidated into VLPs (according to RNase
protection assays) and it is the only stable dSRNA main-
tained in the X. dendrorhous strain UCD 68-6537C.
Nevertheless, a more in-depth characterization of the
VLPs in relation to the existence of different types, their
genomic contents and the identification of structural
proteins is necessary for a better understanding of the
viral system of this yeast. Although no homologies were
found for the smaller dsRNAs, these dsRNAs would be
part of the viral system as satellite dsSRNAs because al-
though they do not encode viral proteins, they are
encapsidated and stably maintained. This proposition is
supported for XdRm-S2 because, for the strain UCD
67-385, an increase of the amount of XdV-L1 dsRNAs,
but not of XdV-L2, was observed in a strain cured of
XdRm-S2 [15]; therefore, XdRm-S2 would be a satellite
of XdV-L1A and/or XdV-L1B. Moreover, in the present
work, we determined a specific increment of the XdV-
L1A in the cured strain, strongly supporting that XdRm-
S2 is a satellite of XdV-L1A. Contrary to the viruses of
S. cerevisiae, the viruses of X. dendrorhous are extremely

Table 3 X. dendrorhous strains used in this work
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resistant to curing treatments. Thus, we have applied
curing methodologies using different chemical agents
and temperature stresses, but only the strains cured of
XdRm-S2 were obtained. Finally, there were marked dif-
ferences in viral content of the strains of X. dendrorhous,
especially from different geographical origins, with
strains having no viruses and strains having multiple
viruses, including complex helper/viral systems. Because
dsRNA mycoviruses have no extracellular route of infec-
tion, they have evolved together with their hosts; in this
way, X. dendrorhous is a good model for virus-host coe-
volution studies.

Methods

Strains and culture conditions

The strains of X. dendrorhous are listed in Table 3. The
yeast strains were cultured at 22°C in YM medium (0.3%
yeast extract, 0.3% malt extract, 0.5% peptone) supple-
mented with 2% glucose. The cellular pellets for the ex-
traction of dsRNA or VLPs were obtained after the
centrifugation at 7,000 xg for 10 min of cultures in the
late exponential phase of growth. E. coli was grown at
37°C in LB medium (1% tryptone, 0.5% yeast extract,
0.5% NaCl) supplemented with 0.1% glucose. For semiso-
lid media, 1.5% agar (Oxoid) was used. When required,
ampicillin and X-Gal were added to the media at 100 and
75 pg/ml, respectively.

The extraction of VLPs and the RNase protection assay

The yeast pellet (4—6 g) was washed once with distilled
water and suspended in 20 ml of TBS buffer (10 mM
Tris, 100 mM NaCl, 1 mM MgCl,, 0.1 mM EDTA, pH
7.4) supplemented with “CompleteTM Protease Inhibitor
Cocktail Tablets” (Roche) according to the manufacturer’s
instructions. Three grams of glass beads (0.5 mm in
diameter) were added, and the samples were shaken for
30 s in a Mini beadbeater-16 homogenizer (Bio Spec,
Bartlesville, USA), and subsequently cooled on ice for
1 min; the shaking and cooling steps were repeated four
times. The supernatant was harvested after centrifuga-
tion at 12,000 xg for 20 min and subjected to an add-
itional centrifugation step at 120,000 xg for 90 min (both

Strains Source dsRNAs [15]
VKM Y-2059 Flux of Betula verrucosa, Moscow Region, Russia. L1

UCD 68-653C Exudate of Betula papyrifera, Rainbow Lake, Kenai Peninsula, AK. L2

UCD 67-385 Exudate of Betula tauschii, Shinkai, Kiso, Japan. L1, L2, ST and S2
UCD 67-202 Cornus brachypoda, Hiroshima, Japan. L1 and S1

VKM Y-2786 Exudate of Betula verrucosa, Moscow Region, Russia. L1

385(52)-40 S2 dsRNA-cured strain from UCD 67-385. L1, L2 and S1

UCD, Phaff Yeast Culture Collection, Department of Food Science and Technology, University of California Davis, Davis, USA; VKM, The All-Russian Collection of

Microorganism, Moscow, Russia.
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centrifugations were performed at 4°C), and the pellet,
enriched in VLPs, was suspended in 1.5 ml of TBS buffer.
For the RNase protection assays, the samples were
digested with 50 pg/ml RNase A for 30 min at 37°C,
before and after the organic extraction with 1 volume
of phenol (pH 4.0) and chloroform: isoamylic alcohol
(24:1). The samples were analyzed using agarose gel
electrophoresis.

Purification of dsRNA molecules

The yeast pellet (0.1 g) was washed twice with 1 ml of
TE buffer (10 mM Tris—HCI, 1 mM EDTA, pH 8.0) and
suspended in 0.4 ml of the same buffer. Four hundred
microliters of 0.5 mm-diameter glass beads and 400 pl
of acid phenol (equilibrated with 50 mM sodium acetate,
pH 4.0) were added, and the tubes were shaken for
3 min in a Mini beadbeater-16 homogenizer. The sam-
ples were centrifuged at 10,000 xg for 2 min, and the
aqueous phase was extracted once with 0.4 ml of satu-
rated acid phenol and twice with 0.4 ml of chloroform:
isoamyl alcohol (24:1). The aqueous phase was trans-
ferred to an Eppendorf tube, and two volumes of isopro-
panol were added. The mixture was incubated at —20°C
for 1 to 2 h. The RNAs were obtained after centrifuga-
tion at 14,000 xg for 20 min, dried and suspended in
20-40 pl of nuclease-free water. The samples were
digested with DNase I for 1 h at 37°C and analyzed using
1% agarose gel electrophoresis in TAE buffer (2 M Tris
base, 1.6 M glacial acetic acid, and 0.05 M EDTA, pH
8.0). The gels were stained with ethidium bromide
(0.5 pg/ml), and each band corresponding to a dsRNA
molecule was purified from the gels as previously
described [46].

Cloning of dsRNAs using the Sequence-Independent
Single-Primer Amplification (SISPA) methodology
Gel-purified dsRNAs (300 ng) were ligated to NBA1 pri-
mer (250 ng) using 2 U of T4 DNA ligase and 10 U of
T4 RNA ligase 2 at 37°C for 16 h. The primer-tailed
dsRNAs were purified using the UltraClean 15 DNA
purification kit (MO BIO Laboratories), denatured at 95°C
for 10 min in the presence of 20% DMSO and 5 ng of the
NBA-1 primer, and subsequently chilled in an ice water
bath. The cDNAs were synthesized with 200 U of Maxi-
ma® Reverse Transcriptase (Fermentas International, Inc.)
at 55°C for 90 min. After digestion with RNase H at 37°C
for 10 min, the partial duplexes were filled in using Taq
DNA polymerase at 72°C for 5 min. The PCR reactions
were performed using the NBA-1 primer and the ampli-
cons obtained were separated and purified from gels.
These products were cloned using the Zero Blunt®
TOPO® PCR Cloning Kit (Invitrogen). The recombinant
clones were selected using colony-PCR and the M13F and
M13R primers.
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Cloning of dsRNAs through cDNA library construction and
primer walking

A mixture of gel-purified dsSRNAs (200—-300 ng) and ran-
dom hexanucleotide primers (200 ng) was incubated at
95°C for 10 min in the presence of 20% DMSO, chilled in
an ice water bath and incubated at 25°C for 10 min. The
denatured dsRNAs were reverse transcribed with 200 U
of M-MulV Reverse Transcriptase (New England Biolabs)
at 42°C for 90 min, followed by digestion with 4 U of
RNase H at 37°C for 90 min. The second ¢cDNA strand
was synthesized using 50 U of DNApol I (New England
Biolabs) at 37°C for 120 min, followed by treatments with
2 U of T4-DNA ligase at 22°C for 30 min and 5 U of Kle-
now fragment at 37°C for 60 min. The cDNAs were puri-
fied on Sephadex G-50 columns (GE Healthcare), mixed
with EcoRV-digested pBluescript SK plasmid and 2 U of
T4-DNA ligase, incubated at 15°C for 16 h, and dialyzed
through a 0.025-pum pore nitrocellulose disk (Millipore).
The ligation mixture was used to transform E. coli DH5a
cells using electroporation, and the white colonies that
developed on the LB-amp-XGal plates were analyzed by
colony-PCR with the vector primers M13F and M13R.
The clones showing an amplicon of at least 200 bp were
selected for plasmid purification and sequencing, and the
c¢DNA sequences obtained were analyzed and assembled.
To extend the contig-sequence obtained, divergent pri-
mers were designed at the ends of the assembly and used
for dsRNA reverse-transcription; the cloning and selec-
tion of clones bearing a larger cDNA insert were per-
formed as described above. The new obtained sequences
were spliced with the preceding contig-assembly; this
“extension step” was repeated until the entire dsRNA
was nearly cloned. The 3’-ends of the dsRNAs were
cloned using the RNA ligase-mediated amplification of
¢DNA ends (RLM-RACE) method [47,48]. Briefly, the
oligonucleotide NBA1 was ligated to the dsRNA using a
T4 RNA ligase, and the primer-tailed dsRNAs were puri-
fied using the UltraClean™ 15 DNA purification kit. The
RT-PCR reactions were performed using the primer
NBA-1 and specific internal primers for dsRNAs, and the
amplicons were purified and sequenced.

Two-step RT-gPCR

A mixture of 10 ng of dsRNA, 2 pl of DMSO and 1 pl of
the forward primer (25 puM) was incubated at 94°C for
10 min. Subsequently, 1 pl of ANTPs (25 mM), 200 U of
Maxima Reverse Transcriptase (Fermentas Life Sciences),
4 pl of 5X RT buffer and 9 pl of nuclease-free water were
added. The mixture was incubated at 50°C for 90 min,
followed by an additional incubation at 85°C for 5 min.
The qPCR was performed in a MX3000P Real-time PCR
Thermal cycler (Stratagene) using the 2X Sensimix SYBR
kit (Bioline) according to the following conditions:
volumes of 0.5, 1 or 3 ul of RT reaction products, 10 pl
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of Sensimix Kit, 1 ul primers mix (50 uM each), and
nuclease-free water to a 20 pl final volume. The PCR cyc-
ling parameters were programmed as follows: incubation
at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s,
60°C for 15 s and 72°C for 15 s, and at 95, 25, 70 and 95°C
for 10, 5, 1 and 1 s, respectively. The Mxpro-Mx300P v3.20
software (Stratagene) was used to calculate the Ct values,
and relative quantifications were made using the 24T
method [49,50].

Automated DNA sequencing and data analysis

The nucleotide sequences were determined using the DNA
Sequencing Kit Dynamic Termination Cycle (Amersham
Biosciences Limited) and the Genetic analyzer 3100 Avant
automatic sequencer (Applied Biosystem). The Macrogen
INC. sequencing service was also used. The sequence
data were analyzed using the Geneious Pro 5.4.5 software
(Biomatters, Auckland, New Zealand).

Phylogenetic analysis

The available amino acid sequences of the RdRp of toti-
viruses were retrieved from GeneBank and aligned to-
gether according to the deduced amino acid sequences
of the RdRp of X. dendrorhous viruses employing Clustal
W [51]. The evolutionary analyses were conducted using
MEGAS5 software [52] and the Neighbor-Joining method
[53], and the evolutionary distances were computed
using the Poisson correction method [54]. A bootstrap-
ping of 500 replications was used to evaluate the robust-
ness of the branching [55]. All positions containing gaps
and missing data were eliminated.
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