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Blackberry leaf mottle-associated virus (BLMaV) is a recently described emaravirus associated with yellow vein disease,

the main constraint of blackberry production in the southern USA. The population structure and genetic variation of

BLMaV, based on the nucleocapsid and movement protein genes was resolved. BLMaV diversity is low when com-

pared to other emaraviruses, with the genes studied being under strong negative selection. Phylogenetic analyses suggest

long distance migration of the virus whereas incongruent phylogenetic relatedness and predicted reassortment events

suggest that genetic exchange could play an important role in BLMaV evolution. A quantitative PCR (qPCR) protocol

was developed based on the knowledge obtained through the population structure of the virus; this is a sensitive test

able to detect all the isolates studied. The assay was optimized and applied successfully on multiple samples collected

from several regions in the United States. Comparison between a previously developed test and the new protocol illus-

trated that the latter is at least 1000 times more sensitive.
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Introduction

Blackberry yellow vein, a disease caused by the synergis-
tic effects of several viruses, is the major constraint for
blackberry production in the southern United States
(Martin & Tzanetakis, 2015). Recently, a new member
of the genus Emaravirus, Blackberry leaf mottle-asso-
ciated virus (BLMaV), was detected in a large number of
cultivated and wild blackberries affected by yellow vein
(Hassan et al., 2017).
Five single-stranded negative-sense RNAs (�ssRNA)

have been identified as part of the BLMaV genome (Has-
san et al., 2017). RNA1 encodes the RNA-dependent
RNA polymerase (RdRp) and RNA2 the glycoprotein
precursor, processed into two mature glycoproteins.
RNA3 encodes the nucleocapsid protein (NP; Mielke &
Muehlbach, 2007; Elbeaino et al., 2009; McGavin et al.,
2012) and RNA4 the movement protein (MP; Laney
et al., 2011; Yu et al., 2013). RNA5 codes for a hypo-
thetical protein of unknown function (Hassan et al.,
2017).
As a segmented RNA virus, BLMaV is subjected to

both micro- and macroevolutionary processes because of
the high mutation rates of the error-prone RdRp as well
as reassortment and recombination events (Tentchev
et al., 2011; Savory & Ramakrishnan, 2014; Walia
et al., 2014; Thekke-Veetil et al., 2015). Identifying and

understanding the factors that affect genetic variability
could be instrumental in designing effective disease con-
trol measures (Mart�ın et al., 2009; Acosta-Leal et al.,
2011).
Blackberry is a perennial crop propagated by vegeta-

tive means. One of the most effective ways to minimize
the impact of viral diseases is to establish orchards, using
virus-tested material, free of targeted viruses (Gergerich
et al., 2015). Population structure data could be used for
the development of robust diagnostic assays able to
detect all distinct isolates of the virus, minimizing
escapes during nursery propagation and providing pro-
ducers with the best quality planting material possible.
This present study focuses on the genetic variability

and population structure of virus isolates collected from
cultivated and wild blackberries at several locations
across the United States. The data obtained were used to
develop a sensitive, diagnostic TaqMan reverse transcrip-
tion quantitative PCR (RT-qPCR) assay that could easily
be used to safeguard healthy nursery material from rein-
fection.

Material and methods

Source of isolates and sequencing

Thirty-three BLMaV isolates were collected from plants affected

by yellow vein disease in Arkansas, North Carolina, South Car-

olina, Oklahoma, Mississippi and Georgia (Table S1). Total
RNA was extracted according to Poudel et al. (2013) and

amplification of the entire coding regions of RNA3 and RNA4

was performed as follows: cDNA was prepared using the univer-

sal emaravirus 50/30 end primers (Mielke & Muehlbach, 2007).
Approximately 1.2 kb, including the coding regions of RNA3
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and RNA4, were amplified using primers designed for this study

(Table S2). The PCR programmes consisted of initial denatura-
tion at 94 °C for 3 min; 35 cycles of 94 °C for 20 s, 50 °C for

30 s, and 72 °C for 45 s and a final extension for 7 min at

72 °C. PCR amplification was performed with Taq DNA poly-

merase (Genscript Corp.) according to manufacturer’s instruc-
tions. After electrophoresis on an agarose gel, amplicons of the

expected size were purified using QIAquick MiniElute Gel

Extraction kit (QIAGEN) and directly sequenced in both direc-
tions as described by Di Bello et al. (2016). When ambiguous

sites were identified, amplicons were cloned and three clones

sequenced. The sequences were deposited in GenBank

(Table S1).

Evolutionary analyses

Multiple nucleotide and amino acid sequence alignments were

performed using MUSCLE in MEGA 7 (Kumar et al., 2016). For all

the sequence datasets, the best-fit nucleotide substitution model
for the sequences and nucleotide divergence was selected by

MODELTEST in PAUP (Swofford, 2002). The best-fit model was used

for phylogenetic analyses using the maximum-likelihood method

in MEGA 7.
The average number of nonsynonymous substitutions per non-

synonymous site (dN) to the average number of synonymous

substitutions per synonymous site (dS) determines the selection

pressure (x) at the amino acid level (x = dN⁄dS) and was evalu-
ated on SNAP (Korber, 2001). Values of x < 1, x = 1 and x > 1

indicate negative (purifying), neutral or positive (diversifying)

selection, respectively. Screening for positive selection on partic-

ular codon positions was conducted using two algorithms: single
likelihood ancestor counting (SLAC) and fixed effects likelihood

(FEL) in the Datamonkey server (Weaver et al., 2018).
Codon bias usage was determined by calculating the effective

number of codons (ENC) used in the NP and MP genes by

applying DNASP v. 6 (Rozas et al., 2017). ENC values range

from 20 for individual genes, indicative of extreme bias as only

one codon is used per amino acid from each synonymous-codon
group, to 61 (the number of sense codons), which indicates no

bias using synonymous codons for each amino acid. To evaluate

the neutrality hypothesis at the population dynamics, three sta-

tistical tests were used, Tajima’s D, Fu and Li’s D*, and F* by
applying DNASP v. 6. The haplotype diversity in each population

was calculated based on the frequency and number of haplo-

types in each population.

Recombination and reassortment

Sequences were aligned using MUSCLE in MEGA 7 and putative

recombination and reassortment events estimated in RDP4 using

GENECONV, BOOTSCAN, MAXCHI, SISCAN, 3SEQ, LARD and RDP at

default settings (Martin et al., 2015). Analyses were conducted
on the two genes individually but also on their concatamers.

Events supported by at least five or more algorithms with a

probability value threshold of ≤0.05 were considered plausible
recombination/reassortment events.

Diagnostics

The NP and MP genes were aligned and examined for conserved

regions that could provide reliable priming sites for RT-qPCR.

Several qPCR oligonucleotide/probe sets were designed using
PRIMERQUEST (Integrated DNA Technology). Oligonucleotides

and probes were labelled with a fluorophore group (FAM) at the

50 end, a quencher group (30 IOWA Black FQ) at the 30 end, and
an additional quencher (ZEN) at the 50 end to reduce background
noise. All primers and probers were synthesized by Integrated

DNA Technology. TaqMan RT-PCR was performed using cDNA

corresponding to 0.4 ng of total RNA using the 29 Universal

Master Mix (Thermo Scientific). Reactions were run on a CFX96
qPCR thermocycler (Bio-Rad) with cycling parameters compris-

ing incubations at 50 °C for 2 min and 95 °C for 10 min; fol-

lowed by 40 cycles of 95 °C for 15 s and 60 °C for 60 s. DNA
bands of the expected amplicon size (90 bp) were cloned and

sequenced as previously described. DNA concentrations were

measured on a NanoDrop 1000 (Thermo Scientific) and 10-fold

serial dilutions were prepared. Standard curves were constructed
from three replicates of the plasmid dilution as described previ-

ously (Poudel et al., 2013). The new protocol was compared with

the RT-PCR protocol of Hassan et al. (2017), using all the iso-

lates sequenced in this study with pairwise comparisons per-
formed as described in Poudel et al. (2013).

Results

Evolutionary analyses

Nucleotide (nt) and amino acid (aa) sequence analysis
revealed high genetic identity among investigated isolates,
regardless of geographic origin or host (wild and culti-
vated blackberry; Tables S3 & S4). The identity among
NP sequences was 95–100% and the identity of the MP
sequences was 86–99% at the nt level and 95–100% at the
aa level (Tables S3 & S4). Whereas the vast majority of
isolates were homogeneous, an outlier isolate from Missis-
sippi (MS-Cu1) showed identity of the MP sequence to the
rest of the isolates of 86–87% at the nt and 96–97% at the
aa level. Because of the outlier status of the isolate, ampli-
cons were cloned and sequenced, but there was no change
in the findings. MS-Cu1 MP differed from all other isolates
in amino acids Ile174, Gly343, Asn361.
The phylogenetic relatedness of the isolates studied

was inferred using the nt and aa sequences of the two
genes. The NP gene had well-resolved clades, primarily
based on the geographic origin and host (wild or culti-
vated), even though some isolates deviated from this
theme, e.g. AR-Cu1, OK-Cu1-3 and SC-Cu5 (trees of nt
sequences shown in Fig. 1). The most diverse isolate,
MS-Cu1, was distant from all other isolates except those
from Georgia, where they formed a well-supported clade
with a high bootstrap value. Topologies of the MP nt or
aa trees were different when compared to the NP, indica-
tive of possible reassortment (trees of nt sequences
shown in Fig. 1).
The overall mean nt distance between all isolates was

0.036 � 0.003 and 0.059 � 0.004 with the highest dis-
tance being 0.070 � 0.008 and 0.139 � 0.010 for the
NP and MP genes, respectively.

Selection pressure

The selection pressure, x, was less than 1 for NP and
MP genes indicating that both genes are undergoing
strong negative or purifying selection. The ratio observed
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for the MP was higher (0.044) when compared to the
NP (0.019; Table 1). The rates dN⁄dS of nonsynonymous
and synonymous changes at the codon level were deter-
mined by two independent maximum likelihood methods
(SALC and FEL). No positively selected codons were
detected in either gene; however, there were numerous
codons undergoing purifying selection as expected for
functional genes (Table 1).
Cumulative behaviour plots of codon mutations

showed an upward slope for synonymous mutations,
indicating that synonymous mutations are distributed
equally along the length of the genes (Fig. 2). To inves-
tigate the codon usage bias the ENC index was calcu-
lated. Values of ENC indicated a negative correlation
with the rate of synonymous substitution. The NP gene

showed slightly stronger codon bias (ENC of 47.4)
compared to the MP gene (48.3). However, ENC values
for NP and MP did not correlate with the correspond-
ing dS values (Table 1), suggesting that other factors
may be leading to the lower frequency of synonymous
mutations observed in NP (dS 0.144) compared to MP
(dS 0.349).
The role of neutral selection in the population dynam-

ics of the virus was evaluated using three different neu-
trality statistical tests. All provided negative values for
the genes studied, indicating that populations were in a
state of expansion, although they did not significantly
deviate from zero. The haplotype diversity was found to
be 0.998 and 1.000 for the NP and MP genes, respec-
tively (Table 1).

Figure 1 Phylogenetic analysis of isolates of blackberry leaf mottle-associated virus (BLMaV), based on nucleotide sequences of the complete

nucleocapsid protein (NP) and movement protein (MP) genes. The trees were constructed with 1000 bootstrap replicates using MEGA 7 software with

values provided at the branch nodes. The scale bar represents the number of nucleotide replacements per site. In the NP phylogenetic tree, the

black triangle denotes isolates deviating from clustering based on geographic origin or host (wild and cultivated), whereas in the phylogenetic tree

for the MP gene, black circles represent recombinant BLMaV isolates and parental isolates are marked by black squares.
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Recombination and reassortment

Phylogenetic analysis showed incongruent topologies
among NP and MP genes for the same isolates (Fig. 1)
and therefore the possibility of recombination break-
points located within each genomic region was investi-
gated. Recombination events were detected in the MP
but not the NP gene. Isolate AR-Cu3 is a recombinant
with the major parent being a SC-Cu3-like isolate and
the minor parent a MS-Cu1-like isolate. Another putative
recombination event was detected for AR-W5 with AR-
Cu6 and NC-Cu6 as minor and major parents, respec-
tively (Fig. 3a). Both recombinants were detected by at
least five algorithms with strong statistical support. Fur-
thermore, the consensus score was calculated, imple-
mented in RDP4 software, and the recombination events
of AR-Cu3 and AR-W5 both show consensus scores
above 60%, providing strong evidence of recombination
(Table 2).
The two genes were concatenated in a single alignment

to search for possible reassortment events using RDP4.
The analysis predicted three reassortment events, with
strong statistical support, for NC-Cu2, SC-Cu1 and OK-

Cu4, detected by at least six of the algorithms (Table 2;
Fig. 3b). The breakpoints in the three reassortants were
detected in the region where the concatenated genes had
been joined (Fig. 3b). The events for the isolates OK-
Cu4 and NC-Cu2 were strongly supported with a con-
sensus score above 60% whereas the event for isolate
SC-Cu1 showed a medium consensus score (43.8%) indi-
cating a fair likelihood of reassortment.

Diagnostics

TaqMan RT-PCR assays were developed, based on the
genetic diversity of BLMaV population, to detect all the
virus variants, as previously described (Poudel et al.,
2013; Thekke-Veetil & Tzanetakis, 2017). Assays tar-
geted the most conserved areas between isolates. As the
NP gene was more conserved than the MP gene, primers
and probes for the TaqMan RT-PCR assay were
designed from a multiple alignment of the NP sequence
of the 33 isolates. The assay that consistently gave the
lowest Cq value was selected for further evaluation.
Properties of the selected qPCR assay standard curve
were within the recommended qualities described

Table 1 Analysis of population genetic parameters and neutrality tests on the nucleocapsid protein (NP) and movement protein (MP) of blackberry

leaf mottle-associated virus (BLMaV).

Gene N S Hd p ENCa dN dS dN⁄dS

Negative

codonsb

Tajima’s D Fu & Li’s D* Fu & Li’s F*SLAC FEL

NP 33 146 0.998 0.034 47.48 0.0062 0.141 0.044 31 68 �0.482598 �0.73174 �0.82271

MP 33 271 1.000 0.057 48.33 0.0067 0.349 0.019 103 147 �0.102047 �0.50076 �0.62417

N, number of isolates; S, number of segregating sites; Hd, haplotype diversity; p, nucleotide diversity estimated by the average number of differ-

ences per site between two sequences; dN, rate of nonsynonymous substitutions per site; dS, rate of synonymous substitutions per site. Tajima’s D,

Fu & Li’s D* and F* are statistical tests of neutrality.
aENC effective number of codons, calculated using DNASP v. 6 (Rozas et al., 2017).
bNumber of negatively selected codons at 0.05 significance level, obtained using SLAC and FEL algorithms implemented in the Datamonkey server

(Weaver et al., 2018).

Figure 2 Cumulative behaviour of the average of synonymous, nonsynonymous and indel mutations in the codons of the nucleocapsid protein (NP)

and movement protein (MP) of blackberry leaf mottle-associated virus (BLMaV). The x-axis represents the position of the codon, and the y-axis

represents the average cumulative number of synonymous, nonsynonymous and indel mutations estimated at a specific codon position. Top, middle

and bottom (red, green and blue online) curves represent synonymous, nonsynonymous and indel mutations, respectively. [Colour figure can be

viewed at wileyonlinelibrary.com].
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previously (Poudel et al., 2013; Thekke-Veetil et al.,
2016). The slope (�3.430), the correlation coefficient
(R2 = 0.992), the average efficiency (E = 95.7%) and y-
intercept (43%) showed that this assay could be used to
quantify target RNA (Fig. 4a). Dilution curves were
obtained as described (Poudel et al., 2013). This assay
enabled detection of BLMaV at 1 pg of total RNA
(Fig. 4b). The sensitivity of the qPCR assay was compared
to the conventional PCR technique described earlier by
Hassan et al. (2017), using the same cDNA templates as
in the qPCR assay. The qPCR was found to be at least
1000-fold more sensitive than conventional PCR.

Discussion

The present study is based on a collection of 33 isolates
from different geographic areas and hosts (wild and

cultivated blackberries) in the United States, which thus
represent different agroecological conditions. Analysis
revealed significant conservation of sequences in the
genes studied, similar to reports for other members of
the genus; this may possibly be a result of the triple co-
evolution of virus, host and vector (Laney et al., 2011;
Walia et al., 2014; Roßbach et al., 2015; Di Bello et al.,
2016).
The nucleotide diversity of BLMaV within the popula-

tion was rather low, similar to previous findings for fig
mosaic virus (FMV) and European mountain ash ring-
spot-associated virus (EMARaV; Kallinen et al., 2009;
Walia et al., 2014) and for other negative-sense seg-
mented viruses such as citrus psorosis virus, blueberry
mosaic associated virus and rice stripe virus (Mart�ın
et al., 2006; Wei et al., 2009; Thekke-Veetil et al.,
2015). Phylogenetic analysis of BLMaV isolates showed

Figure 3 Schematic representation of (a) the two recombination events detected in the movement protein (MP) gene of blackberry leaf mottle-

associated virus and (b) the three reassortment events detected in concatenated sequences of the nucleocapsid protein and MP genes. [Colour

figure can be viewed at wileyonlinelibrary.com].

Table 2 List of blackberry leaf mottle-associated virus isolates showing evidence of putative recombination and reassortment events, analysed

using RDP4 softwarea.

Event

Recombinant

isolate

Parental isolate RDP methodb (P-value)

Score (%)cMinor Major R G B M C S 3S

1 AR-Cu3 MS-Cu1 SC-Cu3 NSd 4.76E�12 1.72E�8 2.53E�14 1.99E�14 2.38E�19 2.87E�22 65.3

2 AR-W5 AR-Cu6 NC-Cu-6 NS 7.04E�3 3.05E�3 7.16E�7 3.53E�3 2.21E�12 NS 60.4

3 OK-Cu4 GA-Cu1-5 OK-Cu1 1.25E�6 1.15E�8 4.60E�5 1.98E�10 2.05E�6 2.13E�11 3.60E�19 67.5

4 NC-Cu2 NC-Cu1 GA-Cu4 3.75E�5 7.95E�5 8.10E�5 3.66E�9 1.28E�9 5.16E�9 1.92E�9 64.9

5 SC-Cu1 SC-Cu5 OK-Cu-1 1.47E�4 1.94E�2 0.02E�2 4.49E�6 NS 1.71E�18 9.39E�9 43.8

aMartin et al. (2015).
bAlgorithms implemented in RDP4 were; R, RDP; G, GENECONV; B, BOOTSCAN; M, MAXCHI; C, cHIMERA; S, SISCAN; 3S, 3SEQ. The support probability for each

algorithm is shown.
cA consensus recombinant score above 60% indicates that the identified sequence is almost certainly recombinant. Score value between 40% and

60% indicates a reasonable likelihood that the recombinant was accurately identified (Martin et al., 2015).
dNS indicates a nonsignificant P-value.
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geographical segregation, probably attributable to a
founder effect, with a population established recently in
an area with limited time for diversification (Pappu
et al., 2006; Kallinen et al., 2009; Thekke-Veetil et al.,
2015). However, some isolates grouped with others from
different growing areas, a deviation possibly caused by
movement of infected planting material to new growing
areas. The evolutionary constraints on the NP and MP
indicate that both genes are under strong purifying selec-
tion, presumably stabilizing the virus population and pre-
venting deleterious mutations in the population (Garc�ıa-
Arenal et al., 2001; Von Bargen et al., 2013; Roßbach
et al., 2015). The NP gene showed stronger codon bias
compared to the MP gene, indicating a stronger purifying
selection similar to that observed for other emaraviruses

(Walia et al., 2014; Roßbach et al., 2015) whereas the
most diverse of all isolates studied, MS-Cu1, still keeps
the functional DnaK domain in the MP (Asp242–Lys339;
Laney et al., 2011) intact.
This evolutionary constraint may be to maintain

functional integrity for these proteins (Mart�ın et al.,
2006; Roßbach et al., 2015; Thekke-Veetil et al., 2015).
The effect of natural selection on the population
dynamics, using three different neutrality tests, indicates
that a strong negative selection could play a key role in
shaping the population under study, probably due to
infection of new host plants (e.g. movement of the
pathogen from wild to cultivated blackberries) and col-
onization of new geographic areas (Rangel et al., 2011;
Roßbach et al., 2015).

Figure 4 TaqMan quantitative PCR (qPCR) of blackberry leaf mottle-associated virus (BLMaV). (a) Standard curve of TaqMan qPCR BLMaV assay.

Efficiency = 95.7%; coefficient correlation = 0.992; slope = �3.430; y-intercept = 43.096. Circles represent the standards and crosses (9) represent

cDNA of virus-infected plants. (b) Quantitative PCR of BLMaV. cDNA samples were serially diluted 10-fold (colours online: 100 ng, blue; 10 ng red;

1 ng, green; 100 pg, aqua; 10 pg, grey; 1 pg, black; 0.1 pg, yellow). Quantitative PCR could detect BLMaV at 1 pg of total RNA. RFU, relative

fluorescence unit. [Colour figure can be viewed at wileyonlinelibrary.com].
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The dS value of the MP gene was estimated to be
approximately four times greater than that of NP; how-
ever, the ENC values did not correlate with the corre-
sponding dS values. This indicates that the differences
were not due to synonymous codon usage bias but prob-
ably due to other factors responsible for the lower fre-
quency of synonymous changes observed in the NP gene.
Similar data have been reported in genetic variation stud-
ies of citrus psorosis virus coat proteins (Mart�ın et al.,
2006).
Given that blackberry is a perennial plant and propa-

gated asexually, there is a significant probability of
mixed infections of virus variants that could lead to
recombination and/or reassortment. Recombination and
reassortment are driving forces of genetic diversity and
adaptation of plant viruses (Nagy, 2008). Recombination
in negative-sense RNA viruses is reported to be rare, in
contrast to positive-sense RNA and DNA viruses (Chare
& Holmes, 2006). However, such events were detected
within RNA4, similar to other emaraviruses (Walia
et al., 2014; Patil et al., 2017). On the other hand, reas-
sortants occur naturally in populations of plant viruses
with segmented genomes (Mart�ın et al., 2006; Jonson
et al., 2009; Tentchev et al., 2011; Bergua et al., 2014).
Such events can be detected using RDP4 software if the
genomic segments are concatenated and breakpoints
occur in the vicinity of the region where different genes
have been joined (Stainton et al., 2012; Savory &
Ramakrishnan, 2014). In emaraviruses, reassortment has
been reported in FMV, pigeonpea sterility mosaic virus 1
(PPSMV1) and PPSMV2 (Walia et al., 2014; Patil et al.,
2017). Phylogenetic incongruence of the NP and MP
genes and the potential recombination and reassortment
events detected in the BLMaV population indicate that
genetic exchange may also play an important role in
shaping BLMaV populations. The recombinant wild
blackberry isolate (AR-W5), with parental isolates from
cultivated blackberry, highlights the notion that wild
blackberries and eriophyid mites could play an important
role in BLMaV epidemiology by transmitting isolates
between cultivated and wild blackberries (Hassan et al.,
2017).
Detection can provide a critical, indispensable check-

point in disease control by allowing identification of
infected material in the nursery system and preventing
the distribution of the virus to different growing areas.
Prerequisite for a robust and reliable detection tool is
having sufficient information on the virus population
structure (Thekke-Veetil & Tzanetakis, 2017). Assays
developed based on the virus population structure have
been of great utility to certification and quarantine pro-
grammes (Osman & Rowhani, 2008; Thekke-Veetil
et al., 2016). Although, the conventional RT-PCR could
detect all sequenced isolates, the qPCR assay presented
here has the advantage of higher sensitivity, minimizing
the chance of false negatives due to low virus titre, and
will be used in both the US nursery system and black-
berry certification programmes.

In conclusion, this study examined the genetic diversity
of BLMaV populations and provided evidence that two
genes are under strong purification selection. Given the
data, it is hypothesized that the virus is dispersed
through propagation material and evolution is primarily
driven by genetic exchange through recombination and
reassortment. This information was used to develop a
highly sensitive universal detection assay that in turn will
minimize the risk of spread of the virus by eliminating
infected material from the nursery pipeline.
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