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Summary

The genomes of Spanish isolates of Maize dwarf
mosaic virus (MDMV-Sp) and Sugarcane mosaic
virus (SCMV-Sp) were completely sequenced. Nu-
cleotide sequence identities of SCMV-Sp to those
of other SCMYV isolates ranged from 79 to 90%.
MDMV-Sp shared 85% nucleotide identity with
the only other fully sequenced isolate of MDMV.
MDMV-Sp and SCMV-Sp differed from each other
by 31% in their nucleotide sequences. Phylogenetic
analyses showed that SCMYV isolates group by host
rather than by geographical location. Two signifi-
cant recombination signals were identified in the
Nla and NIb regions of the SCMV-Sp genome.

*

Maize mosaic is the most widespread viral dis-
ease of maize in Europe and is caused by isolates
of Maize dwarf mosaic virus (MDMYV) and/or
Sugarcane mosaic virus (SCMV) [1, 16]. In Spain
MDMYV is the prevalent virus [2]. SCMV has been
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detected either in single or mixed infections with
MDMYV and in the last few maize growing seasons a
10% increase in the occurrence of SCMV has been
observed [2; Achon, unpublished]. Both viruses
belong to the genus Potyvirus (family Potyviridae)
and together with Johnsongrass mosaic virus
(JGMYV), Sorghum mosaic virus (StMV), SCMV-
MDB, and Zea mosaic virus (ZMV) [20, 21, 25]
form the SCMYV subgroup. All of these potyviruses
infect maize and sorghum, with StMV and some
SCMV strains also infecting sugarcane. Members
of the SCMYV subgroup, like other potyviruses, have
a monopartite, single-stranded messenger RNA ge-
nome encoding a single polyprotein and are non-
persistently transmitted by aphids [22]. Complete
sequence data are essential for understanding the
biology, diversity and evolutionary history of a virus,
for devising new control strategies and evaluating
its risk. To date, the complete sequence of only
one MDMYV isolate from Bulgaria (MDMV-BG) is
available [11], whilst ten SCMYV isolates have been
entirely sequenced, with nine of them originating
from China [7, 8, 26]. In this study, we describe
the complete genome sequence of the maize isolates
MDMV-Sp and SCMV-Sp collected in the Northeast
of Spain in 1992 and 1998, respectively.
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Viral RNAs were extracted from MDMV-Sp and
SCMV-Sp particles as described earlier [1, 3]. Viral
RNAs were reverse transcribed using Super-
Script™ II Reverse Transcriptase (Invitrogen) ac-
cording to the manufacturer’s instructions and then
treated with RNase H. Platinum Pfx DNA polymer-
ase (Invitrogen) was used for PCR reactions. Three
overlapping cDNA fragments were synthesized by
RT-PCR of genomic RNA of MDMV and SCMV.
The cDNA fragments corresponding to the 3’
termini of the viral genomes were amplified as de-
scribed previously [1, 3] and were 2140 and
1700bp in length for MDMV-Sp and SCMV-Sp,
respectively. The sequences of these cDNAs were
exploited to design specific antisense primers: TGG
GAT CCC TAT CGA ATT GTG AAC C™'777
and TTT AGC AAA CTG TTT AAA GTA TTT
TT®¥98325 These were respectively used in con-
junction with a degenerate sense primer JF15:
AAW TRW MAG AAT TCA AYA CAA CAT>**
[15] and a specific sense primer TCA AAA GAG
TGA TGG AGA TGT TT>"*72%¢ to amplify cDNA
fragments of 7589 and 8200bp from the central
genomes of MDMV-Sp and SCMV-Sp. The cDNA
fragments corresponding to the 5’ termini of these
viral genomes were amplified using the 5RACE
System (Invitrogen) in conjunction with the follow-
ing primers: GTA GTG TTC TTG CGT TTC TTT
CC*°*** and ACG TCT GCA GAC ACT TCT
TTG GTT GAA CCG TGAT****** for MDMYV,
and TGT GGG GTT GTG GTC GCA CTT
TTCA**® > and ACG TAT GCA TTG TGC
TGG TTY AAY AAA CTC AGC'**° for SCMV.
The 5’ terminal ¢cDNA products were 390 and
370 bp long, respectively, for MDMYV and SCMV.
The PCR-amplified cDNA products were purified
using the Geneclean II kit (BIO 101 Inc.). For clon-
ing, adenosine residues were attached to the
cDNAs by incubation with the Tfl DNA polymer-
ase (Promega) in the presence of ATP. The resulting
products were ligated into the pPGEMT-Easy vector
(Promega) and subsequently introduced by trans-
formation into E. coli strain DH5«. Recombinant
plasmids were purified using the Quantum Prep
Plasmid Miniprep kit (Bio-Rad). Nucleotide se-
quence determination was performed twice on both
strands, and the consensus sequence was obtained
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from at least three independent overlapping cDNA
clones. DNA sequencing was done with an ABI
Prism™ 3100 DNA Sequencer, using the BigDye™
Terminator Cycle Sequencing Ready Reaction kit
(Perkin Elmer).

The complete sequences of Spanish isolates
of MDMV and SCMV were deposited into the
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Fig. 1. Phylogenetic tree of MDMV-Sp, SCMV-Sp and the
other viral species of the SCMV subgroup based on their
complete nucleotide sequences. Trees were inferred using
the maximum likelihood method (model HKY, with 1000
non-parametric bootstrap replicates) using PHYML and
edited using MEGA3. Bootstrap values are shown at each
node. The viruses used in this study, their sequence ac-
cession number and geographical origin were as follows:
Sorghum mosaic virus (StTMV) isolates, STMV-Te (U57358)
from the USA, StMV-XoS (AJ310197) and SrtMV-YH
(AJ310198) from China, Johnsongrass mosaic virus, JGMV:
726920) isolate from Australia; Sugarcane mosaic virus

(SCMV) isolates, SCMV-HN (AF494510), SCMV-LP
(AJ310102), SCMV-XGS (AJ310103), SCMV-YH
(AJ310104), SCMV-GD  (AJ310105), SCMV-HZ
(AJ297628), SCMV-Bj  (AY042184), SCMV-SD
(AY149118), and SCMV-SX (AY569692), all from

China, SCMV-Bris (AJ278405) from Australia, SCMV-Sp
(AM110759) from Spain; and Maize dwarf mosaic virus
(MDMYV) isolates, MDMV-BG (AJ001691) from Bulgaria
and MDMV-Sp (AM110758) from Spain
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GenBank/EMBL/DDBJ database under accession
numbers AM110758 (MDMV-Sp) and AM110759
(SCMV-Sp). The genome of MDMV-Sp is made up
of 9414 nucleotides (nts) and that of SCMV-Sp has
9596 nts excluding the poly(A) tails. The genome
of MDMV-Sp contains one open reading frame
(ORF) encoding 3042 amino acids, flanked by
5" and 3’ untranslated regions (UTRs) of 138 and
234 nts, respectively. The ORF of the SCMV-Sp
genome codes for 3064 amino acids, and the 5" and
3’ UTRs are 149 and 255 nts long, respectively. The
sequences of the isolates of the sugarcane subgroup
listed in the legend to Fig. 1 were phylogenetically
compared using the neighbour-joining method im-
plemented in MEGA3 [12]. SCMV-Sp was most
closely related to other SCMYV isolates from maize
[7, 8, 26], and in particular to SCMV-SD from
China with which it shares nucleotide and amino
acid sequence identities of 90 and 96%, respective-
ly. Nucleotide and amino acid sequence identities
between MDMV-Sp and MDMV-BG [11] were 85
and 93%, respectively.

MDMV-Sp and SCMV-Sp differed in nucleo-
tide and amino acid sequences by 31 and 26%, re-
spectively. When individual gene products were
aligned, highest amino acid sequence identities be-
tween either the eleven SCMYV isolates or the two
MDMYV isolates were found in CI (94-99 %) and
HC-Pro (92-99%), whereas they were lowest (63—
99%) in P1. With the exception of SCMV-GD
(from maize) and SCMV-Bris (from sugarcane),
the levels of similarity among SCMYV isolates in
P1, P3, 6K2, and the 5’ UTR are related to the host
from which the viruses were obtained; the nucleo-
tide sequence identities in these genomic regions
are greater than 86% between isolates from the
same host. The CP, followed by the 3’ UTR, are
the regions that shared the highest identity between
SCMYV isolates from maize (>90%). An interest-
ing feature observed in the 3% UTR of SCMV iso-
lates is that maize isolates have 20 additional nts
(ATAGT ACGTT CGTGA GGCCT) compared to
sugarcane isolates.

Alignments of the complete nucleotide sequences
were used as input data to construct phylogenetic
trees by maximum likelihood (ML) with 1000 non-
parametric bootstrap replicates in the HKY model
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using PHYML [10] and the neighbor-joining (NJ)
distance method in the K2P model with 1000 boot-
strap replicates using MEGA3 [12]. The topologies
of both the ML and NJ trees were essentially iden-
tical. SCMV-Sp clustered with all the other SCMV
isolates from maize, with the exception of isolate
GD, which clustered with the three sugarcane SCMV
isolates from China (Fig. 1). As expected, MDMV-
Sp clustered with MDMV-BG. Phylogenetic rela-
tionships (ML and NJ) among SCMV isolates were
also analysed using the nucleotide sequences of each
of the twelve genome regions. This resulted in dif-
ferential clustering properties for SCMV-Sp in the
VPg and Nla-Pro regions; grouping in these regions
was with sugarcane, and in all other regions, with
maize isolates (trees not shown).

As a consequence of the above-mentioned ob-
servations, the nucleotide sequence alignment of
SCMV isolates was examined for recombination
using PhylPro v. beta 1.0 [24]. For SCMV-Sp re-
combination, signals were observed at positions
5604 (Nla-VPg), and 7866 (NIb) with low phylo-
genetic correlation coefficients (r) of 0.32 and 0.46,
respectively, and at positions 6432 (Nla-Pro) and
8560 (CP) with r>0.6. In addition, we detected the
two recombination events reported by Zhong et al.
[26] for isolate SX (r<0.26), and other minor re-
combination signals for other SCMYV isolates, the
most remarkable of which was in the CP (at po-
sition 8826) for isolate GD (r = 0.6). To confirm
recombination events, further analyses focusing ex-
clusively on SCMV-Sp were conducted using re-
combination detection methods implemented in
the RDP2 program [14] (RDP, GENECONY,
BOOTSCAN, MAXIMUM CHI SQUARE, CHI-
MAERA and SISTERSCAN). A multiple-com-
parison-corrected P-value cutoff of 0.05, 1000
bootscan replicates, and settings recommended in
the RDP2 manual for each method were used
throughout. Only two of the events described above
were identified by RDP2 methods. One was in Nla-
VPg (5151-5865) at position 5604, with a high
degree of confidence (P-values: RDP=28.9518 x
10~%, GENECONV =2.755 x 10~'°, BOOTSCAN =
1.9905 x 10746 (Bootscan support =98%), MAX-
IMUM CHI SQUARE=5.089x107*, CHI-
MAERA =1.675x 102! and SISTERSCAN =
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Fig. 2. Maximum-likelihood trees inferred from sequence alignments from either side of the two recombination break-points
identified in the Nla and NIb genomic regions of SCMV-Sp by PhylPro and at least four of the six recombination detection
methods implemented by the RDP2 software. 5’ terminal nucleotides before the first recombination signal at position 5604
(a), nucleotides between recombination signals at positions 5605 and 7866 (b), and 3’ terminal nucleotides following the second
recombination signal at position 7866 (c). Trees were constructed using PHYML (model HKY, with 1000 non-parametric
bootstrap replicates) and edited using MEGA3. JGMV was used as an out-group for rooting. Bootstrap values are shown at
each node. Branches with <50% bootstrap support were collapsed. Abbreviations of virus isolates are those given in Fig. 1

2.2x1073). The other recombination event in
NIb (7107-7953) at position 7866 was identified
by four methods (P-values: RDP=2.279 x 1073,
BOOTSCAN =1.79x 10~* (Bootscan support =
88.7%), MAXIMUM CHI SQUARE=3.413x
102!, SISTERSCAN =4.11x107?). In order to
correlate recombination events with changes in
tree topologies, we conducted phylogenetic anal-
yses (ML) for sequence alignments of SCMV
isolates on either side of the two recombination
break-points identified in Nla and NIb (Fig. 2).
The 5604 5’ terminal nucleotides of the SCMV-
Sp genome appeared to have originated from maize
isolates closely resembling the sequences of iso-
lates HN and SD; the central 2280 nucleotides were
similar to those of sugarcane isolates (LP, YH, and
XGS) and maize isolate GD, and the 1730 3’ termi-
nal nucleotides again resembled those of maize iso-
lates including GD. The close relationship of the
GD isolate in the 3’ terminal region with the other
maize isolates was further analysed by RPD2 meth-
ods and by ML phylogenetic analysis of sequence
alignments on either side of the CP recombination
signal (8827). Nucleotides 7867—-8826 closely re-
sembled those of isolates from sugarcane (LP, YH
and XGS) as did the first 7867 nucleotides of this

genome, whilst its sequence from position 8826
onwards was more related to that of maize isolates.
The recombination event for GD isolate was only
supported by phylogenetic analysis (Fig. 3).

These results provide further evidence for the
occurrence of natural recombinants for SCMV [26].
Although in this study we can not detect any re-
combination signal for MDMV-Sp and MDMV-BG
due to the availability of two MDMV sequences,
the fact that Chare and Holmes [6] identified a re-
combination signal in the CP of one MDMYV isolate
corroborates the significance of recombination for
the evolution of viruses of the SCMV subgroup,
other potyviruses [18], and RNA viruses in general
[10].

Our analysis shows that the relationships be-
tween SCMV isolates are more correlated to the
host than to the geographical origin. With the ex-
ception of the Bris isolate, the 3’ terminal region
(CP and 3’ UTR) is the most host-related sequence,
followed by P1, P3, 6K2 and 5 UTR. It is also
remarkable that the 3’ UTRs of maize isolates of
SCMV contain an additional stretch of 20 nts. In
a previous analysis of the 3’ terminal region of
SCMV-Sp, which involved the alignment of a large
number of CP sequences available from the Gen-
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Fig. 3. Maximum-likelihood trees inferred from sequence alignments from either side of the recombination break-points
identified in the CP of SCMV-GD by PhylPro: nucleotide sequences between the recombination signals identified in the NIb
of SCMV-Sp and in the CP of SCMV-GD (a), nucleotide sequences after the recombination breakpoint at position 8827 in
SCMV-GD (b). Trees were constructed, rooted and bootstrapping performed as described in Fig. 2. Abbreviations of virus

isolates are those given in Fig. 1

Bank, we had already shown that the CP variability
was related to the host from which isolates had
been obtained [3]. Alegria et al. [5] also demon-
strated that similarity levels in the CPs of SCMV
isolates varied more between hosts than between
geographical locations. Host-related sequences,
mainly in P1, P3 and the CP could be attributed
to the fact that these proteins are involved in symp-
tomatology, pathogenesis and movement [19, 23],
whilst the 3’ UTR has in turn been implicated in
symptom attenuation [20]. The high levels of iden-
tity observed between isolates obtained from dis-
tant geographic areas (SCMYV isolates from Spain
and China) could be explained by movement of
maize germplasm since SCMV can be seed trans-
mitted [13, 17].

This is the first description of the complete ge-
nome sequence of an SCMYV isolate from Europe
and the second determination of the entire genomic
sequence of a European isolate of MDMYV. This
study also demonstrates the occurrence of recombi-
nation in SCMYV and suggests a common origin of

European and Asia SCMYV isolates from maize and
sugarcane.
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