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Abstract

The focus of this article is to touch up on the molecular biology and genetics of Strawberry vein banding virus (SVBV) and the
distinctions among members of Caulimoviruses. Mode of virus transmission has divided these viruses into two subgroups. Viruses
carrying aphid transmissibility factor are transmitted by various species of aphids. Other members lacking the gene responsible for
aphid acquisition are generally seed transmissible. Due to similarity of virus replication to that of retroviruses, in absence of integra-
tion into host genome, Caulimoviruses were considered as pararetroviruses. Reports indicating evidence of genomic integration of
Dahlia Mosaic Virus into the host genome corresponds with its seed transmissibility. Further studies are needed to trace the virus
integration among other members especially those of seed transmissible members. Differences among the sizes of coat protein genes
and observations on the multiple subunits of truncated coat protein that lead into differences of particle size introduce further dis-
tinctions among the members. The corresponding data in alignment analysis of amino acid sequences of similar genes among these
viruses along with variable genomic organization provide evidences of further distinctions. These data demonstrate clear phyloge-

netic distinction among members of this group of plant viruses and ruling out that they have evolved from ancestral entity.
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Abbreviations

(SVBV): Strawberry Vein Banding Virus; (Camv): Cauliflower Mosaic Virus; (ORF): Open Reading Frame; (ATF): Aphid Transmission Fac-
tor; (TAP): Transactivator Protein; (Psvbv-E3): Name of the SVBV DNA Clone Inserted in Puc8 Plasmid

Introduction

Caulimoviridae and Caulimoviruses

Caulimoviridae is the small family of plant viruses consisting of the single genus of Caulimovirus comprised of 9 - 10 viruses which were
grouped together due to particle morphology and genomic structure composed of dsDNA. Further studies provided dissimilar character-
istics including host range, mode of viral transmission and distinct genomic properties hence distanced these members from each other.
The initial virus infection was defined through mosaic symptoms in cauliflower hence the name of virus family and genus were derived
from and represented by CaMV. Unique characteristics of this virus distanced it significantly from other common plant viruses. Molecular
biology of Caulimoviruses was studied extensively by numerous scientists in recent decades. Significant number of reports was made on
CaMV and a brief review recently reported by this author [1].

Viral Transmission among Caulimoviruses

Members of the Caulimoviridae are divided by mode of transmission. Those Caulimoviruses including CaMV, FMV, CERV, and SVBV car-
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rying a gene so called aphid transmission factor (ATF) are naturally transmitted by different species of aphids in semi-persistent manner
from feeding on infected plants and spreading the virus to other plants. The ATF is not found in other members including SbCMV, PCSV,
PVCV, DMV, and MMV or CVMV. These members are not aphid transmissible and their seed transmissibility has been described [2-4].
PVCV with an unusual genomic organization (encoding only two ORFs) is differentiated from the other Caulimoviruses significantly. CVMV,
which has spherical virions and intermediate characteristics, has been suggested to be considered as an intermediate member between

families of Caulimoviridae and Badnaviridae [5,6].

Dahlia mosaic virus (DMV) infecting Dahila variabilis has been reported to be a Caulimovirus which integrates into host genome and
uses seed and pollen transmissibility. It was considered to be endogenous para-retrovirus (EPRV) while having similar ORFs to CaMV
except truncated coat protein (ORF IV) and lacking ATF [4]. This description (integration of viral genome into host chromosome seen
among retroviruses) remains to be studied among other Caulimoviruses especially those members which are seed transmissible and lack

gene for ATE.

A Brief History of Genetic Studies in SVBV

Stenger and coworkers purified and cloned an approximately 8.0-kb ds-DNA genome of the virus into a pUC8 cloning vector to gener-
ate pSVBV-E3. SVBV was detected in the Czech Republic [8] and the complete nucleotide sequence of the pSVBV-E3 was determined [9].
Unlike CaMV genome, which was shown to consist of 8031 bp [10], the SVBV sequence consisted of 7,876 bp derived from sequencing
SVBV-E3 clone [9]. The sequence data was confirmed by this author while demonstrating the infectivity of the Stenger’s pSVBV-E3 clone
[11]. Comparison of SVBV sequence with that of CaMV [12] provides that the SVBV genome is 155 bp shorter. Unlike CaMV, where an extra
ORF of VII with an undetectable protein has been introduced, such unknown ORFs have not been seen or reported in SVBV sequence il-
lustrated in Figure 1 [1,13].

Figure 1: Physical map of the strawberry vein banding virus genome, showing
locations of restriction enzymes that cleaves once or twice (as marked with *).
Putative promoter sequences of gene VI (19 S RNA) and the full-length genomic
(35 S RNA), transcriptional termination site (Poly A), and single-stranded nicks

in the genome are shown in bold.
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Using the sequence of the clone along with other previous data the genomic organization was delineated and the assignment of SVBV
as a distinct Caulimovirus species substantiated [14]. Comparison of a 431-bp PCR-amplified DNA fragment corresponding with coat pro-
tein from six SVBV isolates collected in the Czech Republic and the United States did not yield significant sequence differences. So, it was
concluded that they were all isolates of the same virus. It was speculated that since the virus was first described in California and Oregon,

it must have been introduced into Europe via importation of infected plant materials [15].

Materials and Methods

Phylogenetic Analysis of SVBV among its close relatives

“Pile up” program (SeqWeb version 1.1 of Genetics Computer Group (GCG), version 10, Wisconsin package, Madison, WI) was used
to construct multiple amino acid sequence alignments of SVBV genes with those of all other available Caulimoviruses until 2000 [includ-
ing Cauliflower mosaic virus (CaMV), accession J02048, Franck and coworkers Carnation etched ring virus (CERV), accession 271511,
Palkovics & balazs, [17]; Cassava vein clearing virus (CVMV), accession U59751, De Kochko and coworkers; Peanut chlorotic stunt virus
(PCSV), accession U13988, Richins, [18]; Figwort mosaic virus (FMV), accession X06166, Richins and coworkers; Petunia vein clearing
(PVCV), accession U95208, Richert-Poeggeler & Shepherd, [3]; Soybean chlorotic mosaic virus (SbCMV), accession X15828, Hasegawa and
coworkers; Strawberry vein banding virus (SVBV), accession X97304, [14] and alignment data are presented at the supplement. Cassava
vein clearing virus (CVMV), the closest relative of the Caulimoviridae, was included as an out-group member in this analysis. The entire
amino acid sequences of movement, capsid, and replicase proteins of these viruses and their conserved core region (determined as the
longest stretch of aligning amino acids without any gap or interruption) were aligned separately. To compute pairwise distances and
generate phylogenetic dendrograms, multiple sequence alignments were analyzed using PAUP (version 4.0b2 for Macintosh™, Sinauer
Associates, Inc. Publishers, Sunderland, Massachusetts). “GAP” (global alignment program, GCG version 10) was used for pairwise com-
parison of entire amino acid and DNA sequences of all SVBV genes with those of other Caulimovirus sequences. In GAP analysis, percent
identity, percent similarity and number of gaps were demonstrated. Default penalty values of programs were applied in all analyses. The
amino acid sequence inferred from translation of DNA sequence of a petunia vein clearing virus (PVCV) clone was delineated in this study

and its genomic organization compared to other viruses.

Results and Discussion

Genetic Organization of SVBV

The double-stranded circular-DNA SVBV genome consists of 7,876 bp and six open reading frames (ORF) is illustrated in Figure 1.
According to close similarity to genome of CaMV, ORF I to ORF VI encodes movement protein (MP), aphid transmission factor (ATF), non-
sequence specific DNA-binding protein (also defined as second ATF), capsid protein (CP), multi-functional enzymatic protein acting as
RNA/DNA dependent DNA polymerase (replicase)/RNAase H/proteinase [21-23] and lastly transactivator protein (TAP) through ORF VI.
The 19S promotor or TATAA box at position 5,403 is responsible for synthesis of 19S mRNA which includes only ORF VI, apparently for
over-expression of TAP and initiation of viral infection, which is the site of virus replication and encapsidation in the cytoplasm of infected
cells. The well-known 35S promotor starts with the TATATAA box positioned at 7,221-7 of the genome along with a stretch of poly A at
7,325-30. The promotor has been shown to overlap with ORF VII in CaMV as well as including several short open reading frames, appar-
ently associated with gene expression in terms of ribosomal shunt, but no protein or activity has been documented so far for these open

reading frames [24].

Sequence analysis of SVBV also revealed transcriptional elements known to be present in other Caulimoviruses (Figure 1). A 35S pro-
moter sequence (TATATAA) was identified at position 7,221, and transcriptional termination sequences or poly A signals (AATAAA) were
located at positions 7,325 and 7,590. In contrast, a single such sequence is known for CaMV. The termination sequence is presumed (see
below) to be same for both the 19S and 35S RNAs. If this is the case, the messenger RNA (mRNA) for gene VI would have a 3’ non-coding
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sequence of 337 nucleotides, and the genomic RNA (35S RNA) would have 115 nt at 3’-terminal redundancy [1,13]. If the second termi-

nation sequence is active, then these 3’ noncoding sequences would be longer (502 and 370 nt, respectively). In CaMV, the 3’ non-coding
sequences are 268 and 207 nt, respectively. In FMV, these sequences are 162 and 174 nt, respectively [25]. Promoter sequences for the
SVBV 19S RNA (TATAA) were located at positions 5,335 and 5,404. The second site is the more likely promoter in SVBV, because the coding
sequence of gene VI starts at position 5,544 and this would result in a small (141 nt) 5’ non-coding sequence. In CaMV, the 19S RNA leader
sequence is 45 nt, whereas that of FMV is 77 nt.

Based upon examination of aligned amino acid sequences of SVBV and other Caulimoviruses it was determined that the replicase gene
was the most highly conserved sequence. Therefore, this sequence was selected for phylogenetic analyses. The phylogenetic relationships
among SVBV and other Caulimoviruses determined by parsimony analysis of the entire and the conserved core regions of the replicase
protein amino acid sequence (Figure 2). Phylogenetic analysis of the full-length nucleotide or amino acid sequences of the movement pro-
tein (ORF I) revealed more distant relationships among these viruses compared with the replicase gene (data not shown). Clusters identi-
fied from the ORF I analyses, included CaMV/FMV/CERV, SVBV, and SbCMV/PCSV. PVCV and CVMV ORF I sequences were too divergent,
and could not be aligned for inclusion in these analyses. Analysis of the conserved core region of the movement protein (not including

PVCV) provided results that were similar to that observed for the ORF V analysis (data not shown).

Figure 2: Phylogenetic dendrograms generated by parsimony analysis of amino acid sequences of the entire replicase
gene/ORF V (Figure 2A) or conserved core regions (Figure 2B) from various Caulimoviruses with CVMV as an out
group. The coordinates of conserved regions are shown in the figure. For this analysis, the most parsimonious trees
were generated using a heuristic search of all possible trees. Numerical values for each branch length are provided
and reflect the number of changes between branch nodes. Bootstrap analysis was performed to provide statistical (P
=0.05%) support for the topology of the most parsimonious trees. The percent bootstrap values for each phylogenic

clad is shown in parenthesis.
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The phylogenetic analysis conducted with ORF IV (CP) produced similar results to those from the ORF I analysis, except that the rela-
tive positions of FMV and CERV were switched in the first cluster (data not shown). The CP sequences of PVCV and CVMC did not align
sufficiently with those of any of the other viruses and were excluded from the analysis. The aphid transmission gene (ORF II) is present
only in CaMV, FMV, CERV, and SVBV (i.e., aphid-transmissible Caulimoviruses). SbCMV, PCSV, PVCV and CVMYV lack this gene or had no ho-

mologous domain in their polyproteins (i.e., non-aphid transmissible viruses).

Phylogenetic analysis of SVBV based on replicase (ORF V) amino acid sequence placed SVBV in an intermediate position between two
Caulimoviruses clusters, one with CaMV/CERV/FMV, and another with PCSV/SbCMV. The newly described PVCV is a tentative member
of the Caulimoviridae that encodes only two polyproteins (analyzed in this study). Together with CVMV, PVCV had a more distant rela-
tionship to SVBV and other Caulimoviruses. Sequence comparison showed that movement and coat protein genes were more divergent
than the replicase gene. Moreover, the divergence in these genes separated PVCV and CVMV further from the other Caulimoviruses in the

phylogenetic analyses. However, similar results were obtained with other genes, suggesting that the relationships shown here are real.

Data in Table 1 describe the percent similarity and number of gaps created in pairwise comparisons between nucleotide and amino
acid sequences of all SVBV ORFs and those of other Caulimoviruses. The overall DNA and protein identity/similarity between SVBV ORFs
and those of other viruses was low (e.g.,, ranging from 18 to 63%). The large number of gaps within the aligned sequences further reveals
the high degree of diversity among these viruses. Number of amino acid differences of SVBV movement, capsid and replicase proteins

(intact gene and conserved core region) compared to other members of Caulimoviridae is described in Table 2.

ORF1 SVBV | CaMV | CERV | FMV | SbCMV | PCSV | PVCV | CVMV
DNA Similarity, % 100 48.7 | 482 | 49.2 51.4 47.3 39.2 | 451
Gaps in DNA: DNA 0 4 5 3 7 6 7 7
Amino Acid Residues 328 327 319 | 323 303 320 | 1105 | 1199
AA Identity, % 100 353 | 31.2 | 337 29.5 28 20 24.1
AA Similarity, % 100 451 | 453 | 45.7 42.4 41.6 20 35.4
Gapsin AA: AA 0 4 6 3 2 5 0 6
ORF II SVBV | CaMV | CERV | FMV | SbCMV | PCSV | PVCV | CVMV
DNA Similarity, % 100 42.6 45 423 N/A N/A N/A | N/A
Gaps in DNA: DNA 0 3 3 4 N/A N/A N/A N/A
Amino Acid Residues 161 159 168 | 164 N/A N/A | N/A | N/A
AA Identity, % 100 201 | 25.2 | 157 N/A N/A | N/JA | N/A
AA Similarity, % 100 364 | 355 | 27.7 N/A N/A | N/A | N/A
Gaps in AA: AA 0 4 4 2 N/A N/A | N/A | N/A
ORF III SVBV | CaMV | CERV | FMV | SbCMV | PCSV | PVCV | CVMV
DNA Similarity, % 100 428 | 375 | 40.2 N/A N/A | 443 N/A
Gaps in DNA: DNA 0 3 1 2 N/A N/A 3 N/A
Amino Acid Residues 117 129 128 | 115 N/A N/A | 1105 | N/A
AA Identity, % 100 20.5 25 19.8 N/A N/A | 181 N/A
AA Similarity, % 100 34 33 324 N/A N/A | 284 | N/A
Gaps in AA: AA 0 4 0 4 N/A N/A 3 N/A
ORF IV SVBV | CaMV | CERV | FMV | SbCMV | PCSV | PVCV | CVMV
DNA Similarity, % 100 464 | 50.6 | 494 44.5 454 | 427 44
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Gaps in DNA: DNA 0 10 14 11 11 14 15 13
Amino Acid Residues 474 489 494 | 489 440 462 1075 | 1199
AA Identity, % 100 33 306 | 32.1 27.5 26.7 26.8 42.8
AA Similarity, % 100 46.5 419 | 43.6 38.8 37.3 36.3 42.8
Gaps in AA: AA 0 11 13 12 13 15 2 0
ORFV SVBV | CaMV | CERV | FMV | SbCMV | PCSV | PVCV | CVMV
DNA Similarity, % 100 58.7 579 | 58.2 49.9 51.6 45 51.6
Gaps in DNA: DNA 0 7 4 3 16 17 16 13
Amino Acid Residues 708 679 659 | 666 741 694 | 1075 652
AA Identity, % 100 53.8 51.8 | 519 36 35 27.3 35.5
AA Similarity, % 100 61.7 62.6 | 60.8 47 45.1 37 46.7
Gaps in AA: AA 0 7 5 2 14 14 11 14
ORF VI SVBV | CaMV | CERV | FMV | SbCMV | PCSV | PVCV | CVMV
DNA Similarity, % 100 44.6 41 44.3 42.9 42.6 N/A 40.8
Gaps in DNA: DNA 0 17 9 14 16 12 N/A 8
Amino Acid Residues 514 520 496 | 512 463 420 N/A 392
AA Identity, % 100 23.8 21.5 | 20.6 18.7 23.1 N/A 36.2
AA Similarity, % 100 32.7 32.2 | 30.8 37.5 32.2 N/A 22
Gaps in AA: AA 0 11 11 7 0 12 N/A 19

Table 1: Gap Analysis. Comparison of DNA and amino acid (AA) sequences of SVBV open reading

frames with those of other viruses generated with GCG default penalty values.

ORF I (movement protein)
Residue Difference | Core Region | Residue | Difference
SVBV 328 0 112 thru 266 155 0
CaMV 327 198 121 thru 275 155 92
FMV 323 194 118 thru 272 155 88
CERV 319 208 113 thru 267 155 93
SbCMV 303 209 96 thru 249 154 92
PCSV 320 233 107 thru 260 154 106
CVMV 898-1199 225 N/A N/A N/A
ORF IV (capsid protein)
Residue Difference | Core Region | Residue | Difference
SVBV 474 0 152 thru 361 210 0
CaMV 489 279 187 thru 386 200 127
FMV 489 303 179 thru 386 208 130
CERV 494 286 192 thru 392 201 125
SbCMV 440 317 149 thru 358 210 151
PCSV 462 339 156 thru 368 213 158
CVMV | 298 thru 822 332 N/A N/A N/A
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ORF V (replicase protein)
Residue Difference | Core Region | Residue | Difference

SVBV 708 0 282 thru 588 307 0
CaMV 679 322 250 thru 555 306 123

FMV 666 321 243 thru 548 306 127
CERV 659 310 232 thru 539 308 128
SbCMV 741 383 207 thru 516 310 160
PCSV 694 370 195 thru 501 307 163
CVMV 652 390 207 thru 521 315 170
PVCV | 43thru759 462 285 thru 588 304 184

Table 1: Phylogeny of SVBV. Number of amino acid differences of SVBV movement, capsid and replicase

proteins (intact gene and conserved core region) compared to other members of Caulimoviridae.

The replicase gene, as has been noted in a previous report [14], was the most conserved sequence among the Caulimoviruses in-
vestigated in this study. Furthermore, by removing the more divergent 5’ and 3’ ends of the replicase gene from the analysis, higher
percent identities were obtained, suggesting a greater degree of conservation for the core sequence. This is consistent with the core of
the replicase being conserved among Caulimoviruses. Sporadic studies concerning members of Caulimoviruses have been reported since
2000. New genomic sequences of DMV and MMV have been reported which were not available during phylogenetic studies conducted in
comparing SVBV with available data. DMV was reported to be integrated into host genome [4]. Number of seed transmissible virus was

increased after sequence data confirmed the lack of ATF in half of Caulimoviruses.

CaMV has been widely studied by numerous distinguished scientists while they had access to herbaceous hosts and all kinds of natural
and laboratory means to delineate the representative member of Caulimoviridae. Reviewing these publications demonstrates that CaMV
could only represent itself with limited similarities to other members. Half of the members have been shown to be seed transmissible
and lacked aphid transmission factor. Reports have been made that DMV or possibly other viruses of the family are integrated into host
genome. This investigation has not generally included other members yet. The Caulimoviridae span a range of different genomic organiza-
tions, encoding from two to seven open reading frames. The details of the expression of those genes are not yet well characterized even

for the CaMV type member.

Lack of a specific antibody to SVBV hindered the identification of the coat protein by Western-blot analysis. The same virion products
used in DNA isolation and Southern blot hybridization analysis were used in SDS-PAGE analysis of SVBV coat protein [13,26]. Three 45-60
kDa-protein bands were observed in preparations obtained from the infected plants. These were presumably subunits of SVBV capsid
protein produced by proteolytic cleavages of the full-length polypeptide. Multiple coat protein bands (37, 39, 44, and 57 kDa), all cross
reacting with antibody raised against 37-kDa protein [27] have been reported for CaMV [28]. The predicted molecular weight of the full-
length SVBV coat protein is 56.0 kDa (474 residues), compared with 56.7 kDa (489 residues) for CaMV. In addition to the presence of nu-
merous basic amino acids in the coat protein of SVBV (55 lysine and 30 arginine residues) and CaMV (57 lysine and 22 arginine residues),
ithas been shown in CaMV that coat protein subunits and virion surface are heavily glycosylated [29] and phosphorylated [30]. Therefore,
these subunits move slower in the gel, and estimation of exact sizes is difficult. Proteolytic activity of the replicase protein (protease do-
main), found also in virus shells, cleaves the native coat protein into required subunits [31] used in assembly of virions consisting of 420

subunits [32]. The exact sizes of these subunits and locations of cleavage sites remain unclear.
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Conclusion

The sizes of coat protein genes are not consistent across the family. The observation of several sizes of CP in CaMV or other members
indicate that cleavage events influence the sizes of virion particles, which range from 45 to 53 nm in diameter. The Caulimoviridae could
not be considered as para-retroviruses, yet reports have been made implying viral integration into host genome. Improving techniques
and the ease of sequencing through NGS and targeted NGS will be able to elucidate some of questions regarding the molecular biology
of this family of viruses, members of which are possibly far apart from each other. Regardless of basic similarities, grouping them into a
single family with initial findings including their ds-DNA genome and icosahedral structure, they are not necessarily evolved from a single
ancestral virus. Like other biological entities, they are composed of similar building blocks. As a matter of fact, gene homology and the
concept of evolution and the molecular clock may not necessarily organize the creatures of the world into the particular orders we may
wish. There are too many un-known mysteries in the creation of the universe to allow us to understand the life using our simplified vi-

sion. The more we find out, we discover our lack of knowledge in describing the uncertainty of nature as controlled by the Mighty Creator.
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201 250
CaMV KKINFL LEI .DE THKPO ILEHINKEP DTLEDKKOLO REFL ILTYA.
CERV EKINFL LEI .DO TIHCPO ILENINKFP DRIEDKKOLO RFL ILTYA.

FMV EKINFL LEI .DK THCPO ILENIHKEFP DRLEDKKHLO RFL VLTYA.
SVBV TTINFL LVI .ER NLKVQS HI LHLVAFP DOLSDRNALQ RFL LLNYI.
PCSV EEIEFL LKI LKN FIEPOK HLLEKIAEFP DOLODRKOIO KFL CLNYTI

SbCMV OEIEYL LKI O EIDLSP HTOEKILOFP DELADRKOIO RFL CINYIA
CVMV EKIDFL VOI .EQ IELOP HIINKILEKH TKIKNKTELO SIL LLNOIR
PVCV NKIOQOFL MDF AD. TEFSPA ISLELOKFP DTNLSVKQIQ OFL IVNYIR

251 300
CaMV .SDYIPKLAO IRKPLOAKL. .KENVPWRWT KEDTLYMOKV KKNLO FP.P
CERV .SDYIPKLAS IRKPLOSKL. .KEDSTWTW! DTDSOYMAKI KKNLKSEP.K
FMV .ETYIPKLAE IRKPLOVKL. .KKDVTWNWT OSDSDYVKKI KKNL SFP.K

SVBV .SAYFPKIA!N LRSPLOVKL. .KKEITWSWT EKDTETVRKI KSLVKTLP.D

PCSV EK FFKELAK ERKVLOKML. .SEKLPWKW! DLATLAVKRL KOVCKNLP.R
SbCMV PE FFRTLAL ERKHLOKKI. .SVKNPWKWD TIDTKMVOSI K KIOSLP.K

CVMV . .FIPILAO ILLPIOKKLK IKDEEIWTWT KEDEEKIKLI ODYSKNLVIK

PVCV ..DFIPEVTE HISPLSDMLK KK...PPAW KCODNAVKOL KOLAQOV.KS

301 321
CaMV LHUHPLPEEKL ..IIETDASD D
CERV LY!PEPIDKL .VIETDASE E
FMV LYLPKPED!L ..IIETDASD S
SVBV LY!NPSPEDKP ..IIECDASD D
PCSV LYVAKPSDLL .ILTTDASD T
SbCMV LYNASTIODFL . IVETDASQ
CVMV MKYPINKEDM NWIIEVDAS
PVCV LHIPSE KK. ..ILOTDASD O
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