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Abstract The genetic variability of blueberry scorch
virus (B1ScV) isolates from New York was determined
within a portion of the RNA-dependent RNA polymerase
gene and the triple gene block and coat protein (CP) genes.
Phylogenetic analysis of 19 New York isolates and other
isolates for which sequence information is available in
GenBank revealed two distinct clades, regardless of the
coding region analyzed, and limited variability within
(0.029 £ 0.007) and between (0.183 % 0.032) phylogroups.
Recombination events were identified in the CP gene of
three New York isolates, and codons of the five BIScV
genes characterized were found to be under neutral or
negative selective pressure.
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Blueberry scorch virus (BIScV), a member of the genus
Carlavirus in the family Betaflexiviridae [2], is one of the
most widespread viruses of highbush blueberry (Vac-
cinium corymbosum L.) [30]. The virus has been reported
in the United States [4, 5, 7, 8, 23], Canada [28], Italy
[16], and Poland [21]. Expression of BlScV symptoms
depends on the cultivar, viral strain, and environmental
conditions [4, 28]. In severe cases of infection during
early bloom, blossoms and leaves blight and dry up, re-
sulting in a general decline. Blight symptoms can be re-
stricted to single blossoms and shoots or be more evenly
distributed throughout a diseased bush. BIScV infection
can be latent for one or two years, or be symptomless in
some cultivars [4].

BIScV is disseminated by vegetative propagation and
grafting through the use of infected cuttings. The virus is
also transmitted by aphids (Ericaphisfimbriata Richards
and Myzuspersicae Sultzer) in a non-persistent mode [4].
The genome of BIScV consists of a single-stranded RNA
molecule of 8,512 nucleotides (nt) in length. The viral
RNA is presumed to have a 5’ cap structure and a 3’
polyadenylated tail. The genome has six open reading
frames (ORF) that encode (from the 5’ end to the 3’ end)
the RNA-dependent RNA polymerase (RdRp), a triple
gene block of three overlapping coding regions, e.g., triple
gene block 1 (TGB1), triple gene block 2 (TGB2), and
triple gene block 3 (TBG3), the coat protein (CP), and
ORF6 [2, 5]. Expression of the RdRp is from the genomic
RNA, while the other ORFs are presumably expressed
from subgenomic RNAs.

So far, genetic variability studies of BIScV have pre-
dominantly focused on partial CP gene fragments of iso-
lates from Canada, Italy, and the United States, with
nucleotide sequence identity ranging from 72 to 99 % [15,
27]. No information is available on genetic variability
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outside of the CP gene with the exception of three isolates,
one from New Jersey (NJ) and two from British Columbia
(BC-1 and BC-2), for which the complete genome se-
quence is available. The aim of this study was to determine
the genetic variability of BIScV isolates from New York
State within the full-length CP gene, the three full-length
TGB genes, and a partial RdRp gene. The genome se-
quences from New York isolates were compared with those
of other isolates and analyzed to determine the strength and
direction of selective pressure acting on BIScV
populations.

Blueberry leaves and flowers were collected during the
spring-summer of 2014 in plantings located in Steuben
(four plantings) and Wayne (one planting) counties in New
York State. Plantings in these two counties, which are 160
km apart, were selected for this study because previous
survey efforts documented the presence of BIScV [7].
Selected plantings were mature (20-25 years old) and pri-
marily consisted of the cultivars ‘Bluecrop’ and ‘Blueray’.
Plant material was assayed by DAS-ELISA using com-
mercial antibodies (Agdia, Elkart, IN, USA). BIScV was
detected in 59 out of 66 (89 %) highbush blueberry samples
from Steuben County, and in 11 out of 31 (35 %) highbush
blueberry samples from Wayne County. BlScV-infected
bushes from Steuben County exhibited typical symptoms,
such as blossom blight and twig dieback, whereas those
from Wayne County were symptomless. To confirm the
presence of the virus, total RNA was extracted from

blueberry leaf and/or blossom samples that reacted
positively to BIScV in ELISA, using an E.Z.N.A.® Plant
RNA Kit (Omega Bio-Tek Inc., USA). Specific primers
(Table 1) were designed based on the three complete
BIScV genome sequences available in the GenBank data-
base (isolate NJ, accession no. NC_003499; isolate BC-1,
accession no. AY941198, and isolate BC-2, accession no.
AY941199) and used in immunocapture (IC) reverse
transcription (RT)-polymerase chain reaction (PCR) [19] or
RT-PCR using a QIAGEN One-Step RT-PCR Kit (Hilden,
Germany). The genetic variability of 19 randomly selected
BIScV isolates, 12 from Steuben County and seven from
Wayne County, was investigated within five coding regions
(Supplementary Table 1).

BLAST analysis of a 434-bp fragment from the 5’ end
of the RdRp gene of 19 BIScV isolates from New York
revealed sequence identities of 97.9-100 % and 94.4-100
% at the nt and amino acid (aa) level, respectively. The
sequences of the New York isolates had 86.4-100 % nt
sequence identity and 90.3-100 % aa sequence identity to
isolates BC-1, BC-2, and NJ. The RdRp fragment ana-
lyzed in this study codes for an RNA methyltransferase
(MTR) domain, which contains conserved regions in aa
position 66-80 (HSHPVCKTLENYILY) and 212-129
(VSSADKIR) [12]. The MTR region of the BIScV
population had the lowest variability at the nt and aa level
when compared to the other four ORFs characterized in
this study (Table 2). Single simple repetitions (SSRs)

Table 1 Primers used for the

: ) - Open reading frame Primer name Sequence 5'—3' Position

amplification of the partial

RNA-dependent RNA RdRp RDP_1* ATGGCACTCACATACAGAAGTCC 59-81

polymerase (RdRp) gene, full- RDP_2 TGCCTCTTCAATGCACGATGTTC 488-510

length triple gene block (TGB) ;

genes, and full-length coat CP njCP1_F* CTGAGTCCAGAGCATATCGTTGC 7092-7114

protein (CP) gene of 19 njCP1_R* GTAAACGGAGCTACTGACGCT 7679-7699

blueberry scorch virus isolates njCPnj2_F* ACCCTTATGGGCGGTTCTCAATTG 7506-7529

from New York State by IC-RT- jCPnj2_R® TTTTCATTATACGATATACCCGGCAC 8349-8374

PCR or RT-PCR = -
bc2Cpl_FP CTGAGTCCAGAGCATATCGTGGCA 7101-7124
bc2CP1_RP CCGGCTTCCTTTTTCATGATTGC 7769-7791
bc2CP2_FP ATGAGCTGTACAAGATGGATGTGCA 7539-7563
bc2CP2_RP GGAAACACACGATAACAACGTTC 8301-8323

TGBI1 njTGBI_F* AATTATGCCATTGAGGTGTCTTTTGCT 5792-5818
njTGB1_R* CACTGAAAGCTCAACGCACG 5597-6616
bc2TGB1_F® TCTTTTGCTTATCTCATGGGGGAGCG 5817-5842
bc2TGB1_R® TGCCTYGTCAAGCACTGAAAGCT 6612-6634
TGB2 and TGB3 njTGB2_F* GGGGTTTTGCTTGCWGCTCATTC 6486-6508

njTGB2_R* ATGTATAATCARACGCACACCTGT 6996-7019
bc2TGB2_F® GGAATTGCGTGGCCAGACTTTTG 6536-6558
bc2TGB2_R" GCTTCTTTCGGAGGCATAATCGCTT 7194-7218

? Primers designed based on the BIScV-NJ sequence (NC_003499)
° Primers designed based on the BIScV-BC-2 sequence (AY941199)
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Table 2 Predicted evolutionary selection pressure exerted on five proteins encoded by blueberry scorch virus isolates®

Open reading frame Amino acid under negative selection® dN/dS°
Partial RdRp None 0.042
Full-length CP None 0.042
Partial CP* None 0.042
Full-length TGB1 26, 50, 55, 63, 66, 79, 81, 86, 88, 94, 96, 110, 125, 146, 148, 149, 152, 160, 0.087

162, 165, 171, 180, 181, 187, 190, 192, 196, 202, 209, 212

Full-length TGB2 20, 39, 57, 59, 60, 61, 64, 75, 95, 98 0.092
Full-length TGB3 31, 32, 33, 35 0.119

? The number and ratio of non-synonymous (dN) and synonymous (dS) substitutions were estimated using the Datamonkey server [12] using
random effects likelihood (REL), single likelihood ancestor counting (SLAC), and fixed effects likelihood (FEL) models. Only codons with
evidence of selection by all three models were taken into account. No amino acid was found under positive selection

® Amino acids located within conserved motifs are in bold
¢ Ratio of nonsynonymous (dN) to synonymous (dS) substitutions

4 All CP gene sequences available in GenBank

have been described in ORF1 of carlaviruses, including
BIScV isolate BC-2, at nt positions 348-353 and 380-385
[1]. The presence of a one-nucleotide (T) SSR repetition
was found in 15 (RC-18, RC-28, RC-10, RC-6, RC-5, RC-
4, H-22-20, H-12-60, H-7-50, H-2-40, F-27-30, F-17-30,
RC-22, B-10-60, and A-1-40) out of the 22 BIScV isolates
analyzed, including the 19 New York isolates and isolates
BC-1, BC-2, and NIJ. This repetition was extended to eight
nucleotides in the sequence of five BIScV isolates (A-5-
50, B-1-30, F-12-40, BC-1, and NJ). A second SSR con-
sisting of six T’s was present in the sequence of four
isolates (A-5-50, F-12-40, B-1-30, and BC-1). No re-
combination events were identified in the 5'-terminal
ORF1 sequence using the RDP4 Beta 4.39 program [14],
and the selective pressure exerted on the corresponding aa
was neutral, as shown by estimates of the ratio of non-
synonymous (dN) and synonymous (dS) substitutions
using the Datamonkey server [13] (Table 2).

For the full-length TGB1 gene of 19 BIScV isolates
from New York, the sequence identity was 82.9-100 % and
90.4-100 % at the nt and aa level, respectively. When this
coding region was compared with the corresponding se-
quence of isolates BC-1, BC-2, and NJ, identities were
73.7-100 % at the nt level and 84.6-100 % at the aa level.
TGBI1 aa alignments revealed five motifs characteristic of
viral helicases [11]. Selective pressure analysis revealed
negative selection on V/I26 in the first motif ([V/
I[JTHSVPGAGKSTL[L/]) in aa position 26-38. The second
conserved motif (TLIDEY) at aa position 79-84 was sur-
rounded by two (I and L) instead of four canonical hy-
drophobic residues [11], and negative selection was found
to act on aa I81 and T79. A G/A substitution in the third
conserved motif (FAVFADPLQ) was found at aa position
94-102, confirming previous observations for Kalancho&
latent virus (KLV), another carlavirus [18] with three (one
V and two F) instead of four canonical hydrophobic

residues preceding the motif [11]. Purifying selection is
acting on hydrophobic residues F94 and V96. A T/C sub-
stitution was found at aa position 178 of the fourth con-
served motif (CIKE[V/LIRGQTF[D/E][S/C]VTFV) at aa
position 178-193. This substitution was also reported for
several other carlaviruses, as was a Q/R substitution at
position 183 [10, 15, 18, 20, 24, 30]. Negative selective
pressure is acting on K180, E181, F187, V190, and F192
(Table 2). A V/Q substitution at position 208 of the fifth
conserved motif (FQC[L/I]TR) at aa position 207-212 has
been documented for other carlaviruses [10, 15, 18, 20, 24,
26, 30]. An A/C substitution at position 209 of the BIScV
motif was observed, but this replacement is usually neutral
for protein function [3]. It is noteworthy that purifying
selection is exerted on C209 but no SSR tract was identi-
fied, contradicting previous observations [1].

For the full-length TGB2 genes of 19 BIScV isolates
from New York, the sequence identity was 85-100 % and
88.6-100 % at the nt and aa level, respectively. Sequence
identity of 78.2-100 % at the nt level and of 85.8-100 % at
the aa level was found between New York isolates and
isolates BC-1, BC-2 and NJ. The BlScV TGB2 protein
contains two hydrophobic transmembrane domains at aa
positions 9-30 and 75-93 that are separated by a conserved
central motif, GDx¢GGxYxDG [17], at aa position 38-53.
Purifying selection is acting on 120 and D39, which are
near the N-terminus of TGB2, and on G75, which is lo-
calized near the C-terminus of TGB2 (Table 2).

For the full-length TGB3 gene of 19 BIScV isolates
from New York, the sequence identity was 90.7-100 % and
95.3-100 % at the nt and aa level, respectively. This ORF
has the second lowest genetic diversity observed within the
BIScV genome (Table 2). When the TGB3 sequence of
New York isolates was compared with the corresponding
sequences of isolates BC-1, BC-2 and NJ, identity values
ranged between 83 and 100 % at both the nt and aa level. A
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«Fig. 1 Phylogenetic tree of a) a 434-nt-long RNA-dependent RNA
polymerase gene fragment, b) the 690-nt full-length triple gene block
1 coding region, c) the 321-nt full-length triple gene block 2 coding
region, d) the 195-nt full-length triple gene block 3 coding region, and
e) the 939-nt full-length coat protein (CP) gene of 19 blueberry scorch
virus isolates from New York State and isolates BC-1, BC-2, and NJ.
GenBank accession numbers are in brackets. Bootstrap values are
given next to branches. The sequence of lily symptomless virus (LSV)
was used as an outgroup

transmembrane domain is present in aa position 4-22,
followed by the carlavirus conserved motif (CXsGXgC) at
aa position 30-44 [17]. Negative selection pressure was
found to act on residues V31, 132, V33, and T35 (Table 2).

For the full-length CP gene of 19 BIScV isolates from
New York, the sequence identity was 82.3-100 % and
84-100 % at the nt and aa level, respectively. When this
coding region was compared with the full-length CP gene
sequence of isolates BC-1, BC-2, and NJ, the values were
78.5-100 % at the nt level and 84.6-100 % at the aa level.
By analogy to the CPs of viruses containing potex-like
TGBs [6], the BIScV CP may be necessary for intercellular
transport of the viral genome, and this function could ex-
plain the high frequency of synonymous changes in this
part of the genome (Table 2). The three-nucleotide (CAC)
SSR tract described in isolate BC-2 [1] was not confirmed
in this study. Selection pressure analysis of the full-length
CP gene of 22 BIScV isolates revealed neutral selection
(Table 2). Analysis of CP gene sequences using the RDP4
Beta 4.39 program [13] indicated a recombination event
between nt 454-515 (beginning breakpoint) and 889 (end-
ing breakpoint) with strong statistical support for isolates
A-5-50 (p-value = 1.592 x 10™"7) and B-1-20 (p-value =
3.03 x 10"?%). For recombinant A-5-50, the putative major
parent was isolate F-12-40 and the putative minor parent
was isolate F-27-30. For recombinant B-1-20, the putative
major and minor parents were isolates F-27-30 and B-1-30,
respectively. Another recombination event between nt 40
and 293-371 was confirmed with strong statistical support
(p-value = 1.126 x 107'?) for isolate A-1-40. The putative
major parent of recombinant A-1-40 was isolate RC-10,
and the putative minor parent is unknown. The fact that a
recombination event was suspected in only three out of 22
BIScV isolates analyzed in this study is consistent with the
rare occurrence of genetic exchange within the CP gene of
carlaviruses [9, 22, 25, 29].

Phylogenetic relationships within the five ORFs char-
acterized in this study using MEGAG6 [27] revealed a
grouping of BIScV isolates into two distinct clades, re-
gardless of the ORF analyzed (Fig. 1). Fifteen BIScV
isolates from New York clustered with isolate NJ in the
predominant clade I, and four isolates from New York
State, including the three recombinants, clustered with
isolate BC-1 in the minor clade II. Isolate BC-2 formed a

separate branch by itself in the five phylogenetic trees.
Nucleotide sequence divergence within (0.029 £ 0.007)
and between (0.183 + 0.032) phylogroups was low. In
addition, there was no apparent association between se-
quence variability and the geographic origin of BIScV
isolates. Similarly, the phylogenetic trees did not group
apart New York isolates from symptomatic and asymp-
tomatic highbush blueberry.

In conclusion, while there is an abundance of informa-
tion on the genetic variability within a portion of the CP
gene [15], there is relatively little sequence information
from other parts of the genome of BIScV isolates. Five
coding regions of 19 isolates from New York State were
characterized by sequencing, showing that purifying se-
lection and recombination are important evolutionary
mechanisms in the genetic diversification of BIScV.
Although the five BIScV coding regions are apparently
under negative selection, as shown for other carlaviruses [9,
22, 29], codons of the TGB1 and TGB2 genes are under the
strongest purifying selection; a moderate purifying selec-
tion is exerted on codons of the TGB3 coding region, and
neutral selection is exerted on the RdRp and CP genes. TGB
translation products are involved in plant cell-to-cell and
long-distance movement [2]; therefore genetic conservation
allows maintenance of this critical function. Recombination
has been described in the CP genes of other carlaviruses [9,
22, 25, 29], but this is the first report of recombination in
BI1ScV. Together, our findings shed light on the relationship
between BIScV isolates from New York State and other
regions, and on the evolution of BIScV populations.
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