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Abstract
Cassava brown streak disease (CBSD) is currently one of the major constraints on cassava production in
Africa. CBSD is estimated to cause annual economic losses of over $100 million USD. CBSD is caused by
at least two viral species: Cassava brown streak virus (CBSV) and the Uganda cassava brown streak virus
(UCBSV). In �eld, CBSV and UCBSV occur in single and mixed infections with the potential to be found in
mixed infections with other viruses. The interactions between CBSV and other viruses are poorly
understood and many functions of CBSV genes are not fully characterised. In this study we analysed the
interaction of CBSV with non-related viruses, for potential synergistic interactions, namely tobacco
mosaic virus (TMV), and potato virus Y (PVY), both very well characterised for their infection and
symptomatology in Nicotiana species. These interactions demonstrated to be synergistic with TMV and
antagonistic with PVY. Then P1, P3, 6k1, CI, 6k2, VPg, NIa, NIb, Ham1-like and CP from CBSV were
analysed separately, to determine which genes from CBSV were responsible for the direction of these
interactions. For this analysis, transgenic lines expressing single CBSV genes were used, providing
information about the importance of Ham1. Further functional analysis of these CBSV genes was carried
out, analysing silencing suppression activity through agroin�ltration assays. This con�rmed silencing
suppression activity for the CBSV P1 protein and demonstrated that a functional LRRA domain is
required for this activity.

Introduction
Cassava is the third most important source of carbohydrates in the tropics, after grain crops (Clifton and
Keogh, 2015). It is estimated to feed approximately 800 million people in the tropics and subtropics,
playing a key role in the diets of most sub-Saharan countries in Africa (Alicai et al., 2016; Fessenden,
2014; Gomes and Nassar, 2013). Currently the major production of cassava takes place in sub-Saharan
Africa (Food and Agriculture Organisation Statistics Database, 2018). This crop is mainly propagated by
stem cuttings, which has an impact on the transmission of diseases caused by bacteria, fungi or
viruses (Taylor et al., 2012; Yadav et al., 2011).Cassava brown streak disease (CBSD) has become a
major concern for cassava producers, replacing cassava mosaic disease (CMD) as the most important
viral disease in East and Central Africa (Legg et al., 2011; Patil et al., 2015; Tomlinson et al., 2018). CBSD
used to be restricted to East Africa, now it has been found in Central Africa including Burundi, Rwanda
and eastern Democratic Republic of the Congo (Casinga et al., 2020). CBSD is caused by at least two
viral species: Cassava brown streak virus (CBSV) and Ugandan cassava brown streak virus, (UCBSV),
both in the Ipomovirus genus of the Potyviridae family (Monger et al., 2001b, 2001a; Tomlinson et al.,
2018). CBSD symptoms can vary widely depending on the environmental conditions, the strain of the
virus and the susceptibility of the cassava variety (Mohammed et al., 2012; Tomlinson et al., 2018; Winter
et al., 2010), but typically causes circular chlorotic blotches or feathery chlorosis along the vein margins
of the leaves and necrosis of the starchy roots (Mohammed et al., 2012; Nichols, 1950; Winter et al.,
2010). Necrosis in roots can reduce the amount of starch storage up to 65% (Nuwamanya et al., 2015),
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this reduces the yield and quality of the crop, resulting in economic losses up to $100 million USD
annually in areas where the disease has been reported (Mohammed et al., 2012; Tomlinson et al., 2018).

Interactions of CBSV co-infecting the same host with UCBSV has been previously reported (Ogwok et al.,
2015), while interaction with African cassava mosaic virus (ACMV), that produce CMD, has not been
proved to occur in the �eld, but it has been only tested under laboratory conditions (Ogwok et al., 2010).
Several studies suggest that infections in wild and crop plants are commonly produced by the interaction
of two or more viral species, demonstrating that virus coinfections seem to be the rule rather than the
exception (DaPalma et al., 2010; Mascia and Gallitelli, 2016). Latham and Wilson (2008) mentioned the
importance of potential trans complementation occurring with viruses and potential partners, the
outcome from these viral coinfections can be studied and replicated performing trans complementation
assays, using plants that transiently or constitutively express viral proteins from the tested virus, then
transgenic and wild type plants can be infected and the differences can be quanti�ed by changes in viral
accumulation, symptomatology, host range, vector transmission, cell to cell movement and systemic
movement. Potyviruses often demonstrate their ability to synergise other viral infections (Syller, 2012).
For CBSV there are few studies where investigate its potential interactions with other viruses. In the �eld,
CBSV and UCBSV are suggested to act competitively during mixed infections in cassava, as CBSV and
UCBSV loads are observed to decline when both viruses are present. In some cases titres of UCBSV, only,
are reduced during mixed infections, displaying a large difference to CBSV loads (Abarshi et al., 2012;
Kaweesi et al., 2014; Mbanzibwa et al., 2011; Ogwok et al., 2015; Otti et al., 2016). Under laboratory
conditions mixed infections have been tested co-infecting of Nicotiana benthamiana with ACMV and
UCBSV, increasing the severity of symptoms and resulting in the death of the plants (Ogwok et al., 2010).

The genome of CBSV is a positive-sense single-stranded RNAs, that encodes a polyprotein which later is
processed into 11 mature proteins. In this study we performed assays to determine whether CBSV was
able to interact with other viruses in an antagonistic or synergistic manner, choosing unrelated but very
well characterised model viruses, TMV and PVY, as viral partners for interactions. Following this, 10 of the
11 individual CBSV genes were tested to identify which of them were responsible for these interactions. 

To date CBSV gene functions have not been fully characterised and are usually inferred, based on
homology with other members of the Potyviridae. CBSV and its closest relative, UCBSV, exhibit unusual
features in their genomes, including the absence of coding sequence for the Helper component
proteinase (HC-Pro), a single copy of the P1 protein and an unusual Ham1-like open reading frame, which
shares homology with the Maf/Ham1 from yeast, member of the inosine triphosphate pyrophosphatase
(ITPase)-like proteins (Mbanzibwa et al., 2009; Tomlinson et al., 2019a). 

Synergistic interactions may be attributed to functions associated with movement proteins, coat proteins,
replicases or suppressors of gene silencing (Bowman Vance et al., 1995; Latham and Wilson, 2008; Pruss
et al., 1997; Syller, 2012). In UCBSV; P1, P3 and Ham1 proteins have been analysed previously for
suppression of gene silencing activity, showing that P1 acts as a silencing-suppressor (Mbanzibwa et al.,
2009), while P1 or any other gene in CBSV have not been investigated for their role as silencing-
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suppressor. In other potyviruses, HC-Pro, P1b and P1 have all been identi�ed as silencing-suppressor
proteins that interfere with the assembly of RISC, by binding siRNA or interacting with the RISC Argonaut
protein (Giner et al., 2010; Lakatos et al., 2006; Mérai et al., 2006; Valli et al., 2008).  For UCBSV, P1 the
presence of the conserved LRRA domain was suggested to be homologous to the reported LxKA motif in
P1b of cucumber vein yellowing virus (CVYV) (Mbanzibwa et al., 2009). The conserved LxKA motif and
the putative zinc �nger in P1b are essential components for silencing-suppression activity in the
ipomovirus CVYV (Valli et al., 2011, 2008). 

Recently, some functions have been attributed to the CBSV Ham1-like protein. Tomlinson et al.
(2019a) showed that it acts as a determinant of necrosis but is not essential for viral infection, showing
that the virus can replicate, move and develop symptoms when CBSV Ham1 is modi�ed or removed from
the CBSV infectious clone. Its ITPase activity was con�rmed in the presence of non-canonical XTP and
dITP, using in vitro assays (Tomlinson et al., 2019a). Additionally two other theorical functions have been
proposed to this protein, such as disruption of plant signalling pathway and reduction of ITP
antagonistic/agonistic interactions with nucleotide binding proteins (James et al., 2021). Tomlinson et al.
(2019b) also demonstrated that coat protein (CP) from CBSV is associated with early presence of
systemic necrosis and severity of symptoms. 

Results
Assessment for synergism by CBSV during mixed infections with unrelated viruses.

This study aimed to identify the role of CBSV genes during mixed infections, then CBSV was examined
for its ability to interact with other viruses in a synergistic or antagonistic manner. Then, interactions with
unrelated, but well characterised model viruses tobamovirus (TMV) and potyvirus (PVYO), were arranged
in combinations as follow: CBSV/TMV and CBSV/PVY. Each combination and single viruses were
inoculated into N. benthamiana and N. tabacum. Single TMV infections displayed the characteristic
mosaics patterns of dark and light greens, yellow spotting and malformation of leaves in N. tabacum,
whilst the same infection displays stunting, mosaics, yellow streaks on leaves and curling leaves in N.
benthamiana. Typical symptoms for PVYO are mottling and mosaic symptoms on leaves in N. tabacum
and stunting, yellow patches on leaves and curling leaves in N. benthamiana. The CBSV_Tanza IC does
not produce severe symptoms in N. tabacum, but it can produce yellow spotting on the N.
benthamiana leaves, necrotic streaks close to the veins, stunting, curling leaves and kill the entire plant at
20 days post inoculation (DPI).

For the �rst interaction, CBSV/TMV mixed infection displayed slight stronger symptoms in both types of
plants in comparison to the single TMV infection. N. benthamiana showed a fast-systemic necrosis in
mixed infections in comparison to the single TMV infection (Figure 1A), whilst N. tabacum showed a
faster symptomatology with mosaic and necrotic lesions in comparison to the single TMV infection
(Figure 1C). TMV viral titres showed an early enhancement of viral accumulation in mixed infections,
compared to single infections in both N. benthamiana and N. tabacum (Figure 1B-1D), Wilcoxon test
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indicated that increment in viral titre differ from single infections at 6, 9, 15, 18 and 21 DPI in N.
benthamiana, while differences appear at 6, 18 and 21 DPI in N. tabacum. This indicates that CBSV could
interact with TMV in a synergistic manner.

For the second interaction, CBSV/PVY, mixed infections showed a reduction in symptoms in N.
benthamiana and N. tabacum. N. benthamiana infections were characterized by the absence of crinkle
symptoms, a typical symptom for PVY, and the absence of the systemic necrosis that is usually present
during CBSV infection (Figure 1E). In N. tabacum, mixed infections showed a slight reduction of mottling
in comparison to PVY infection (Figure 1G). Quanti�cation of PVY titres showed a trend of reduction in
PVY accumulation during mixed infections in comparison to single infections in N. benthamiana, but an
increase in N. tabacum. Wilcoxon test indicated that differences due to the reduction of PVY titre were
present at 12, 15, 21 and 27 DPI  in N. benthamiana while no reduction in PVY titre was observed from
mixed infection in comparison to single infection in N. tabacum (Figure 1F-1H). 

[Figure 1. All �gures and tables, including legends 

are present in a different �le per image]

Identi�cation of CBSV genes responsible for viral interactions.

Transgenic N. tabacum lines were generated for each of the individual CBSV encoded genes, the
expression of CBSV transgenes in plants were veri�ed by RT-PCR (Figure 2) and Q-RT-PCR (Table S1).
Then these transgenic lines were mechanically inoculated with TMV or PVY to identify which CBSV
proteins might interact synergistically or antagonistically with TMV or PVY. Healthy plants expressing P1
from CBSV showed an atypical phenotype, developing new leaves smaller and slower than the rest of
transformed plants, making this line unsuitable for subsequent infection assays.

[Figure 2]

For plants infected with TMV, viral titre tend to be higher at early stages of the infection in plants
expressing P3, CI, 6K2, VPg, NIb and Ham1 from CBSV (Table S2). A Kruskal-Wallis test, per day analysed,
showed that the differences in these transgenic lines in comparison to the wild type plants were
signi�cant, predominantly at 6 and 14 DPI, and Dunn test showed that only lines 6K2, VPg, Ham1 and NIa
had signi�cant differences against the wild type N. tabacum over the time, however NIa did not induce an
enhancement of TMV accumulation (Table 1,Figure 3).

[Table 1]

[Figure 3]

During PVY infection, transgenic lines of N. tabacum expressing the P3, 6k2, NIb and Ham1-like genes
from CBSV showed a reduction of symptoms and their PVY titre tend to be lower than wild type plants
(Figure 4, Table S3). Differences of PVY titre were analysed performing a Kruskal-Wallis test and then by
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Dunn test, which indicated that the reduction in PVY titre in plants expressing P3, 6k2, NIb and Ham1-like
protein was signi�cant, mainly at the 10th DPI and 26th DPI(Table 1, Figure 4).

[Figure 4]

Identi�cation of CBSV silencing suppression activity

While some CBSV genes where able to enhance viral infection, by increasing viral accumulation, the
expression of P1 from CBSV in N. tabacum spoiled the development of the transgenic plants where P1
was expressed. Therefore, a functional analysis for silencing suppression activity was performed by
agroin�ltration assays, using the 16c N. benthamiana line. Expression vectors encoding individual CBSV
genes and GFP expression vectors were co-in�ltrated into plant leaves. In the absence of a suppressor of
gene silencing, GFP transcripts are degraded, but if the gene silencing mechanism is suppressed GFP can
be transiently overexpressed in the in�ltrated area. Hence, gene silencing suppression was examined at 5
days post-inoculation (DPI). Plants were assessed for expression of GFP within the agro-in�ltrated zone,
using a trans-illuminator and a �uorescence stereomicroscope.

Of the 10 CBSV genes that were screened during co-agroin�ltration assays, P1 was the only protein that
exhibited a detectable gene silencing-suppression activity (Figure 5). While the other 9 genes, screened at
this work, displayed only a dimmed impression as consequence of the agroin�ltration damage with no
discernible GFP, indicating no silencing suppression activity.

[Figure 5]

The P1 LRRA domain is essential for silencing-suppression activity.

Based on similarity to other viral silencing-suppressors, Mbanzibwa et al. (2009) suggested the conserved
zinc-�nger and the LRRA domain from UCBSV P1 were likely to be involved in suppression of gene
silencing, but this was not investigated. Having con�rmed that CBSV P1 could suppress gene silencing,
the P1 region of CBSV was modi�ed in the available infectious clone from the Tanza strain, modifying
the LRRA domain to encode the LAAA, this modi�ed P1 region was then transferred into the
pCambia2300_EC expression cassette for transient expression. Assessment of silencing-suppression
activity for the mutant P1, demonstrated that mutation of the conserved LRRA domain to LAAA abolished
silencing suppression as no GFP was discernible (Figure 6). 

[Figure 6]

The P1 LRRA motif is important for infection

The modi�ed CBSV_Tanza_P1_LAAA infectious clone was then inoculated onto N. benthamiana to
assess its virulence. Whilst the unmodi�ed CBSV_Tanza IC infections developed characteristic stunting of
the plant-growth, followed by necrosis of shoot tips and then collapse of the plant, infections with the
modi�ed CBSV_Tanza_P1_LAAA failed to develop any apparent symptoms. Analysis by both RT-PCR and
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TAS-ELISA failed to detect systemic infection at any upper leaves in the plants infected with the LAAA-
modi�ed infectious clones, suggesting that LRRA domain in P1 is essential for CBSV life cycle in N.
benthamiana (Figure 7). 

[Figure 7]

Discussion
CBSV and UCBSV have genome structures that are atypical for the Potyviridae, so inference of viral
protein functions has been di�cult to make. Previously, Mbanzibwa et al. (2009) showed that UCBSV P1
has activity as a suppressor of gene silencing and suggested that Ham1 could prevent incorporation of
non-canonical nucleoside triphosphates (NTPs) as Ham1 from yeast does. Tomlinson et al.
(2019a) showed that CBSV Ham1 does not protect yeast cells from the incorporation of non-canonical
NTPs when it is overexpressed in yeast as demonstrated by Ham1 from yeast, neither it could reduce
mutation rate in the viral genome of CBSV. Tomlinson et al. (2019a), however con�rmed that CBSV
Ham1-like has ITPase activity during  in vitro assays, additionally they showed that it is a determinant of
necrosis during CBSV infection in N. benthamiana. Here we expand on the knowledge about functionality
of the proteins encoded by CBSV. We identi�ed that like P1 from UCBSV, the CBSV P1 also functions as a
gene silencing suppressor and demonstrate that this activity requires a functional LRRA domain. Coupled
with this, we found that CBSV can act synergistically with non-related viruses such as TMV, but can act
antagonistically with other viruses such as PVY, in this case these two model viruses were used not for
their possible interaction in the �eld with CBSV, but because their infection and symptomatology are very
well characterised in N. tabacum. For CBSV, genes have not been experimentally scrutinised for their
ability to support an interaction with another virus. Here showed the effect of several CBSV genes using
two unrelated viruses, even though they have contrasting outcomes.

Synergistic interactions involving CBSV

CBSV and UCBSV occur in geographically overlapping areas (Ogwok et al., 2015), where mixed infections
have been reported to occur, mainly in susceptible varieties of cassava. In this study CBSV was analysed
for possible synergistic effect with unrelated, but very well characterized viruses TMV and PVY. Whilst
synergism was observed with TMV, antagonism was found with PVY. Otti et al. (2016) suggests that
interactions between the CBSD viruses could be synergistic due to the presence of higher CBSV titre in the
presence of UCBSV, although Kaweesi et al. (2014) also suggested that these interactions are rather
competitive, having a higher titre for CBSV than for UCBSV. For interactions between CBSD viruses and
ACMV, information is limited to the arti�cial synergism observed in laboratory conditions in N.
benthamiana (Ogwok et al., 2010). The potential of any synergistic interaction between CBSD viruses and
any other virus have not been described in the �eld; however, the impact and the frequencies of these
interactions remain unknown for cassava and warrant further investigation. 

TMV and PVY infection in CBSV transgenic lines
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The simulated interactions with CBSV, TMV and PVY were planned to identify which viral genes could
play a role during synergism or antagonism, when any interaction is present. Some transgenic lines
expressing CBSV proteins showed an enhancement of TMV viral titre and symptoms at early stages of
the infection, these plants were expressing the VPg, 6k2, NIb and Ham1-like form CBSV. Where the
mechanism is known, usually synergism can be attributed to functions associated with movement
proteins, coat proteins, replicases or suppressors of gene silencing (Bowman Vance et al., 1995; Latham
and Wilson, 2008; Pruss et al., 1997; Syller, 2012).

In other potiviruses, P3 has been previously reported to be implicated in synergistic interactions; P1, HC-
Pro and P3 from TEV are able to enhance PVX infections (Pruss et al., 1997). In addition, the P3N-PIPO
protein, which is derived from the ribosomal frame shifting at the N-terminus of P3, from Clover yellow
vein virus (CYVV), has been reported to act synergistically during infections with White clover mosaic
virus (WCMV) in pea (Pisum sativum) (Hisa et al., 2014). This synergism has been suggested to be a
consequence of the cell-to-cell movement enhancing activity of PIPO, which facilitates spread of the
synergised viral genome (Vijayapalani et al., 2012).

CI and 6k2 in potiviruses have not been reported to enhance other viral infections. Functions of these two
proteins are directly involved with viral replication, these proteins are also implicated during movement of
viral genomes through cytoplasm, coordinated by PIPO, interacting with the plasmodesmata and helping
the transfer of RNA virions from one cell to another (Grangeon et al., 2012; Vijayapalani et al., 2012).

NIb is an RNA-dependent RNA-polymerase; that acts as a replicase in potyviruses. In this study this
protein acts synergistically during mixed infections with TMV. It is argued that viral replicases could not
synergise other viral infections, since their activity depends on the recognition of speci�c viral
genomes (Mascia and Gallitelli, 2016). However, it has been reported that several replicases are able to
induce synergism or support other infections, either by a secondary function of the protein or by the
recognition and initiation of replication of the dependent virus (reviewed in Valli et al. 2011). The number
of reported examples for these proteins to be synergistic is limited, but it has been reported for the TMV
replicase (Ishikawa et al., 1991), NIb from Tobacco etch virus (TEV) and Tobacco vein mottling
virus(TVMV) being able to recognise other potyviral sequences, supporting infections by their activity as
replicases (Teycheney et al., 2000).These kind of research highlights the importance of thorough risk
assessment and evaluation that could be done of transgenic cassava crops expressing intact or partial
CBSV viral proteins, highlighting potential interactions that could worsen impacts of other viral diseases
in cassava crops.

For the Ham1-like protein, this is the �rst report where implicates it in potential synergistic interactions, as
well as possible antagonistic interactions in the presence of another potyvirus. Its function in the viral
genome is still unknown and the ITPase activity reported in Tomlinson et al. (2019a) cannot explain this
interaction, however the reduction of PVY titre in plants expressing CBSV Ham1 showed that this gene in
CBSV is the only one leading uniform reduction of viral titre through the 26 days of infection.
Antagonistic interactions found in transgenic N. tabacum expressing P3, 6K2, NIb and Ham1 from CBSV,
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might be explained by virus exclusion in infected cells where competition between two closely related
viruses reduces infectivity in one or both viruses (Dietrich and Maiss, 2003). There are very few reports of
antagonistic interactions between unrelated viruses (Chávez-Calvillo et al., 2016), however rare cases do
exist reporting the prevention of replication between unrelated viruses (Bennett, 1953; McKinney, 1941).
Although in our study none of the transgenic lines were resistant to PVY infection, there was a reduction
of PVY viral titre which could be the result of interference or down regulation of the replication process,
even though this need further investigation.

This work builds on the available knowledge regarding gene function in CBSV and highlights the role that
some of CBSV proteins may have in synergising or antagonising with other unrelated viruses. This has
relevance in the understanding of potential mixed infections and interactions occurring with CBSV and
other viral diseases in the �eld, as it commonly happens with other members of the Potyviridae, which
may not occur with TMV or PVY but with viruses related to cassava plants.

Identi�cation of a silencing suppressor protein in CBSV

Viral silencing-suppressors normally counteract the plant host RNA gene silencing mechanism (Zvereva
and Pooggin, 2012), which is triggered by the presence of double-stranded RNA generated during viral
replication. There are more than 35 viral silencing-suppressor families identi�ed in plant viruses (Ding
and Voinnet, 2007). Their silencing suppressor activities interfere with gene silencing mechanisms mainly
by targeting various components of the silencing pathway (Burgyán and Havelda, 2011).

It has been suggested that most, if not all plant viruses encode silencing suppressor proteins (Pumplin
and Voinnet, 2013). These might enhance viral accumulation by countering the gene silencing
mechanism of the host (Brigneti et al., 1998; Du et al., 2011; González-Jara et al., 2004; Pruss et al., 1997;
Voinnet et al., 1999; Zvereva and Pooggin, 2012). During this study 10 of the 11 genes encoded in the
CBSV genome were assessed for suppression of gene silencing, performing assays of co-in�ltration with
GFP in the 16c line in the same manner as it has been done for other viral suppressors of gene silencing
such as: 2b (Cucumovirus), P0 (Polerovirus),P19 (Tombusvirus), HC-Pro (Potyvirus), P1b (Ipomovirus), P1
(Ipomovirus), AC2 (Begomovirus) (Hamilton et al., 2002; Hui and Shou, 2002; Mbanzibwa et al., 2009;
Pfeffer et al., 2002; Voinnet et al., 1999). In this study the P1 protein from CBSV was con�rmed to be the
only silencing suppressor protein among all coding sequences in the CBSV genome. Presence of
conserved regions, the LRRA domain and the putative zinc �nger were proposed to play a crucial role
during the silencing suppression activity (Mbanzibwa et al., 2009). In this study the LRRA domain was
exchanged for LAAA. The loss of silencing-suppression ability in the mutant con�rms that this domain
has a vital role for the suppression of gene silencing in CBSV. The same substitution in the infectious
clone (CBSV_Tanza_P1_LAAA IC) prevented infection of N. benthamiana; CBSV could not reach
detectable levels during the assessment of the infection either by ELISA or RT-PCR, indicating that the
LRRA domain in P1 has an essential role for disease, presumably through its silencing suppression
activity, and showing that P1 is the only CBSV protein able to ful�l this role. This supports the hypothesis
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that the LRRA domain in CBSV has the same function as the LxKA domain from P1b in CVYV, possibly
interacting with the siRNA and interrupting the formation of the RISC complex (Valli et al., 2011, 2008). 

Experimental Procedures
Viral source

CBSV strain Nampula, from the region of Nampula, Mozambique (accession number HM346953) was
obtained as Nicotiana benthamiana infected material from the Food and Environment Research Agency
(FERA York-UK). CBSV strain Tanza, collected from a region in Tanzania was obtained from the infectious
clone CBSV_Tanza IC (Duff-Farrier et al., 2019). UCBSV strain Kikombe, collected from a region in
Tanzania, accession No. KX753356, was obtained from the infectious clone UCBSV “Kikombe” IC (Duff-
Farrier et al., 2019). 

For synergism studies, Tobacco mosaic virus strain U1, (accession No. V01408.1) and Potato virus Y
(PVYO) strain Ordinary, (accession No. EF026074) were used, both being propagated in N. tabacum.

Construction of plasmids

Each encoded gene in CBSV Nampula strain and HC-Pro from PVY Ordinary strain were ampli�ed by PCR,
adding start and stop codons ATG and TAA, using primers described in supplemental Table S3. PCRs
were performed using Phusion High-Fidelity polymerase (ThermoScienti�c™). Viral amplicons were
cloned into the pJET 1.2 (Themo Scienti�c™), then sequenced and cloned into pCambia2300_EC, under
the 35S promoter and the tNOS terminator regulatory elements. 

For the construction of the modi�ed P1 expression vector and P1 from CBSV Tanza expression vector, the
entire P1 from CBSV_Tanza_P1_LAAA IC and P1 from CBSV_Tanza IC were excised and cloned into
pCambia2300_EC independently.

Homologous recombination in yeast

The P1 region from the CBSV_Tanza IC was mutated through PCR-based site directed mutagenesis and
homologous recombination in yeast. The yeast homologous recombination was performed as described
in Gietz and Woods, (2002). 

The infectious clone was digested using PshAI, the homologous recombination in yeast was performed
using overlapping fragments created with the following primers; P1_LRRA_1st_FW with P1_LRRA_1st_RV
and P1_LRRA_2nd_FW with P1_LRRA_2nd_RV (supplemental Table S4) and according to the strategy
presented in  Supplemental Figure S1. 

The mutated infectious clone, CBSV_Tanza_P1_LAAA IC was recovered from Escherichia coli and
con�rmed by PCR (Supplemental Figure S2), utilizing primers for six regions of the infectious clone
(Supplemental Table S4). The CBSV_Tanza_P1_LAAA infectious clone was then used as a template for
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the cloning of the CBSV P1_LAAA into pCambia2300_EC, creating the expression vector
P1_Tanza_LAAA_pCambia2300_EC, which was recovered from E. coli and con�rmed by restriction
digestion (Supplemental Figure S3). The induced mutation for the LAAA was con�rmed by sequencing
the P1 region (Supplemental Figure S4)

Agrobacterium-mediated transient silencing-suppression assay

Viral constructs in pCambia2300_EC were transformed into Agrobacterium tumefaciens LBA4404
through electroporation. The preparation of A. tumefaciens for in�ltration was performed as described
in Johansen and Carrington (2001). A culture of A. tumefaciens transformed with pCambia2300_EC
containing the sequence of the green �uorescent protein (GFP) was included for each viral construct
during silencing suppression assays. Cultures for each viral construct and GFP construct were mixed in a
proportion 1:1. In�ltration was performed with 0.2 mL of the suspension at the abaxial surface of the
leaves with a syringe with no needle. Assays were performed using wild type N. benthamiana and the
transgenic 16c line in N. benthamiana, which constitutively express the GFP under the 35S promotor of
the Cauli�ower mosaic virus (CaMV). For each assay of silencing suppression activity, six plants were
in�ltrated. P1 from UCBSV and HC-Pro from PVY were used as positive controls for their known silencing
suppressor activity (Gallois and Marinho, 1995; Mbanzibwa et al., 2009). A single agroin�ltration with the
GFP construct into the 16c line N. benthamiana was used as positive control for the gene silencing of the
GFP in planta.

GFP imaging

The expression levels of GFP were monitored �ve days after agroin�ltration into leaves of N.
benthamiana 16c line, as described in Johansen and Carrington (2001). GFP was visualised using a
trans-illuminator UVP VisiBlue VB-26V, �uorescence emission was photographed with a Canon EOS T2i
camera, operated with an exposure time of 15 seconds, ISO value of 800 and F value of 8.0. For epi-
illumination, pictures were taken with an excitation �lter of 425/60 nm and a barrier �lter of 480 nm
utilized for visualization of GFP in a Leica MZFLIII �uorescence stereomicroscope.

Virus inoculation

N. tabacum plants were inoculated with TMV and PVY from frozen stocks virus infected leaf material.
The leaf material (2 g) was ground at room temperature in 5 mL sterile deionised water with a pestle and
mortar. Young opened leaves of N. benthamiana and N. tabacum were dusted with 600 mesh
carborundum powder (Fisher Scienti�c™) at the adaxial surface of the leaf, and freshly ground inoculum
was gently rubbed onto these leaves. 

For viral interaction assays with CBSV and/or TMV and CBSV and/or PVY, three biological replicas per
infection were established in groups of single and mixed infections, inoculations were performed on the
same leaf at the same time. Single and mixed infections were monitored for 26 days looking at symptom
development and measuring viral titre.
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Viral interaction assays

N. tabacum transgenic lines expressing P3, CI, 6k1, 6k2, VPg, NIa, NIb, Ham1 and CP from CBSV were
infected with TMV or PVY, using three biological replicas from each independent transgenic line. Infected
plants were monitored and sampled for subsequent ELISA analysis at: 0 and 2 DPI from the inoculated
leaf; then at 4, 6, 8, 10, 14, 18, 22 and 26 DPI from systemic infection in upper leaves. TMV and PVY titres
from infections in transgenic N. tabacum were compared to infections in wild type N. tabacum. 

Transformation of N. tabacum plants.

N. tabacum plants were transformed using A. tumefaciens LBA4404 to express each individual encoded
gene from CBSV. Using the methodology described in Gallois and Marinho (1995) disc leaves were
transformed then selected in Murashige & Skoog (MS) media supplemented with kanamycin 100 µg/mL
and 6-benzylaminopurin (6-BAP) 1 mg/L for generation of new shoots. Shooting callus pieces were
placed in MS media supplemented with kanamycin 100 µg/mL and α-naphthalene acetic acid (NAA) 0.1
mg/L for the generation of roots. 

Con�rmation of N. tabacum transgenic lines

Transgenic lines of N. tabacum were maintained in MS media supplemented with kanamycin 100 µg/mL.
RT-PCR was carried out using primers in Table S4, in order to verify the presence of transgene mRNA
transcripts in all transformed plants. Relative expression of each viral transcript was measured through
Q-RT-PCR. Reactions were carried out using RevertAid First-Strand cDNA Synthesis Kit
(ThermoScienti�c™) for the synthesis of cDNA and Maxima® SYBR Green/ROX (Thermo Fisher
Scienti�c) for the quantitative PCR reactions. Primers and conditions for this analysis are listed in
supplemental Table S4. Con�rmed transgenic lines and relative expression for each transgene are listed
in supplemental Table S1. For each transgene used in this study, three independent transgenic lines were
used and propagated as technical and biological replica during experimentation. Transgenic expression
of the CBSV P1 gene resulted in very low rates of plant growth, which prevented the use of lines
expressing P1 during virus-transgene interaction assays (data not shown). 

Semi-quantitative viral titre accumulation analysis.

For the detection of TMV and PVY, an enzyme-linked immunosorbent assay (ELISA) was performed using
double sandwich antibody (DAS-ELISA) kits for TMV and PVY mono-cocktail (BIOREBA AG), for the
detection of CBSV a triple sandwich antibody (TAS-ELISA) kit from DSMZ was used. Leaves were ground
in sample extraction buffer with a ratio of 1:20 (wight/volume). ELISAs were performed in a medium-
binding 96-wells microtiter plates (Greiner). Colorimetric reactions were measured after two hours of
colour development, using a microtiter plate reader (Spectra Max 190 from Molecular Devices) with a
�lter for a wavelength of 405 nm. 

Data analysis and experiment designing. 
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The absorbances obtained, reading microtiter plates for ELISA, were normalised to the positive control
from each ELISA kit. Analyses for quanti�cation and de�nition of threshold were performed as described
by the manufacturer of the relevant ELISA kits. Values of absorbance were transformed to percentages,
taking a mix of the positive control reaction from each kit as the 100 percent of the respective measured
virus, this adjustment was performed per microtiter plate, to normalize the data to the same consistent
measurement each time, since absorbances vary from plate to plate. 

At least two transgenic lines were obtained per CBSV gene in this study, from each transgenic line
generated in N. tabacum, outlined in supplemental Table S1, three clones were then used per line as
biological replicas, and two wells with the same sample in the microtiter plate were used as technical
replicas, from which average was used to calculate the mean ± standard error, to estimate signi�cant
differences. When infections were performed with different versions of CBSV infectious clones or when
transgenic lines and wild type N. tabacum were inoculated with PVY or TMV a Kruskal-Wallis test was
performed to analyse differences in viral titres between treatments , then treatments were analyses in
pairs with Dunn post hoc test per day. For the estimation of signi�cant differences between single and
mixed infections in N. tabacum and N. benthamiana plants, a Wilcoxon test was performed. For both
analyses the statistical signi�cance was taken at P <0.05. 

Declarations
Acknowledgments

We are grateful for the 16c line N. benthamiana seeds kindly provided by Dr Yiguo Hong and Professor
David Baulcombe to authorise the use of this line for this work.

A special thanks to Dr. Colin Lazarus who kindly provided the plasmid pCambia2300EC, a vector
containing an expression cassette 35S-tNOS.

This work was performed under the DEFRA license No. 51045/197610/2. Part of this work was funded
through the postgraduate program from the Consejo Nacional de Ciencia y Tecnologia (CONACyT)
Mexico.

References
1. Abarshi, M.M., Mohammed, I.U., Jeremiah, S.C., Legg, J.P., Kumar, P.L., Hillocks, R.J., Maruthi, M.N.,

2012. Multiplex RT-PCR assays for the simultaneous detection of both RNA and DNA viruses
infecting cassava and the common occurrence of mixed infections by two cassava brown streak
viruses in East Africa. J. Virol. Methods 179, 176–184.
https://doi.org/10.1016/j.jviromet.2011.10.020

2. Alicai, T., Ndunguru, J., Sseruwagi, P., Tairo, F., Okao-Okuja, G., Nanvubya, R., Kiiza, L., Kubatko, L.,
Kehoe, M.A., Boykin, L.M., 2016. Cassava brown streak virus has a rapidly evolving genome:



Page 14/26

Implications for virus speciation, variability, diagnosis and host resistance. Sci. Rep. 6, 36164.
https://doi.org/10.1038/srep36164

3. Bennett, C.W., 1953. Interactions between Viruses and Virus Strains. Adv. Virus Res. 1, 39–67.
https://doi.org/10.1016/S0065-3527(08)60461-3

4. Bowman Vance, V., Berger, P.H., Carrington, J.C., Hunt, A.G., Ming Shi, X., 1995. 5’ Proximal potyviral
sequences mediate potato virus X/potyviral synergistic disease in transgenic tobacco. Virology 206,
583–590. https://doi.org/10.1016/S0042-6822(95)80075-1

5. Brigneti, G., Voinnet, O., Li, W., Ji, L., 1998. Viral pathogenicity determinants are suppressors of
transgene silencing in Nicotiana benthamiana. EMBO J. 17, 6739–6746.

�. Burgyán, J., Havelda, Z., 2011. Viral suppressors of RNA silencing. Trends Plant Sci. 16, 265–72.
https://doi.org/10.1016/j.tplants.2011.02.010

7. Casinga, C.M., Shirima, R.R., Mahungu, N.M., Tata-Hangy, W., Bashizi, K.B., Munyerenkana, C.M.,
Ugentho, H.U., Enene, J., Sikirou, M., Monde, G., Dhed’a, B., Kumar, P.L., Legg, J., 2020. Expansion of
the cassava brown streak disease epidemic in eastern Democratic Republic of Congo. Plant Dis.
PDIS-05-20-1135-RE. https://doi.org/10.1094/PDIS-05-20-1135-RE

�. Chávez-Calvillo, G., Contreras-Paredes, C.A., Mora-Macias, J., Noa-Carrazana, J.C., Serrano-Rubio,
A.A., Dinkova, T.D., Carrillo-Tripp, M., Silva-Rosales, L., 2016. Antagonism or synergism between
papaya ringspot virus and papaya mosaic virus in Carica papaya is determined by their order of
infection. Virology 489, 179–191. https://doi.org/10.1016/j.virol.2015.11.026

9. Clifton, P., Keogh, J., 2015. Starch, in: Encyclopedia of Food and Health. Elsevier Inc., pp. 146–151.
https://doi.org/10.1016/B978-0-12-384947-2.00661-9

10. DaPalma, T., Doonan, B.P., Trager, N.M., Kasman, L.M., 2010. A systematic approach to virus-virus
interactions. Virus Res. 149, 1–9. https://doi.org/10.1016/j.virusres.2010.01.002

11. Dietrich, C., Maiss, E., 2003. Fluorescent labelling reveals spatial separation of potyvirus populations
in mixed infected Nicotiana benthamiana plants. J. Gen. Virol. 84, 2871–2876.
https://doi.org/10.1099/vir.0.19245-0

12. Ding, S.W., Voinnet, O., 2007. Antiviral Immunity Directed by Small RNAs. Cell 130, 413–426.
https://doi.org/10.1016/j.cell.2007.07.039

13. Du, Z., Xiao, D., Wu, J., Jia, D., Yuan, Z., Liu, Y., Hu, L., Han, Z., Wei, T., Lin, Q., Wu, Z., Xie, L., 2011. p2 of
Rice stripe virus (RSV) interacts with OsSGS3 and is a silencing suppressor. Mol. Plant Pathol. 12,
808–814. https://doi.org/10.1111/j.1364-3703.2011.00716.x

14. Duff-Farrier, C.R.A., Mbanzibwa, D.R., Nanyiti, S., Bunawan, H., Pablo-Rodriguez, J.L., Tomlinson, K.R.,
James, A.M., Alicai, T., Seal, S.E., Bailey, A.M., Foster, G.D., 2019. Strategies for the Construction of
Cassava Brown Streak Disease Viral Infectious Clones. Mol. Biotechnol. 61, 93–101.
https://doi.org/10.1007/s12033-018-0139-7

15. Fessenden, M., 2014. A Cassava Revolution Could Feed the World’s Hungry. Sci. Am.

1�. Food and Agriculture Organisation Statistics Database, 2018. FAOSTAT [WWW Document]. URL
http://www.fao.org/faostat/en/#data/QC/visualize (accessed 10.20.20).



Page 15/26

17. Gallois, P., Marinho, P., 1995. Leaf Disk Transformation Using Agrobacterium tumefaciens-Expression
of Heterologous Genes in Tobacco. Plant Gene Transf. Expr. Protoc. https://doi.org/10.1385/0-
89603-321-X:39

1�. Gietz, R.D., Woods, R.A., 2002. Transformation of yeast by lithium acetate/single-stranded carrier
DNA/polyethylene glycol method. Methods Enzymol. 350, 87–96. https://doi.org/10.1016/S0076-
6879(02)50957-5

19. Giner, A., Lakatos, L., García-Chapa, M., López-Moya, J.J., Burgyán, J., 2010. Viral protein inhibits
RISC activity by argonaute binding through conserved WG/GW motifs. PLoS Pathog. 6, e1000996.
https://doi.org/10.1371/journal.ppat.1000996

20. Gomes, P.T.C., Nassar, N.M. a, 2013. Cassava interspeci�c hybrids with increased protein content and
improved amino acid pro�les. Genet. Mol. Res. 12, 1214–22. https://doi.org/10.4238/2013.April.12.8

21. González-Jara, P., Tenllado, F., Martínez-García, B., Atencio, F.A., Barajas, D., Vargas, M., Díaz-Ruiz, J.,
Díaz-Ruíz, J.R., 2004. Host-dependent differences during synergistic infection by Potyviruses with
potato virus X. Mol. Plant Pathol. 5, 29–35. https://doi.org/10.1111/j.1364-3703.2004.00202.x

22. Grangeon, R., Jiang, J., Laliberté, J.F., 2012. Host endomembrane recruitment for plant RNA virus
replication. Curr. Opin. Virol. https://doi.org/10.1016/j.coviro.2012.10.003

23. Hamilton, A., Voinnet, O., Chappell, L., Baulcombe, D., 2002. Two classes of short interfering RNA in
RNA silencing. EMBO J. 21, 4671–9.

24. Hisa, Y., Suzuki, H., Atsumi, G., Choi, S.H., Nakahara, K.S., Uyeda, I., 2014. P3N-PIPO of Clover yellow
vein virus exacerbates symptoms in pea infected with White clover mosaic virus and is implicated in
viral synergism. Virology 449, 200–206. https://doi.org/10.1016/j.virol.2013.11.016

25. Hui, S.G., Shou, W.D., 2002. A viral protein inhibits the long range signaling activity of the gene
silencing signal. EMBO J. 21, 398–407. https://doi.org/10.1093/emboj/21.3.398

2�. Ishikawa, M., Kroner, P., Ahlquist, P., Meshi, T., 1991. Biological activities of hybrid RNAs generated by
3’-end exchanges between tobacco mosaic and brome mosaic viruses. J. Virol. 65, 3451–3459.
https://doi.org/10.1128/jvi.65.7.3451-3459.1991

27. James, A.M., Seal, S.E., Bailey, A.M., Foster, G.D., 2021. Viral inosine triphosphatase: A mysterious
enzyme with typical activity, but an atypical function. Mol. Plant Pathol. 22, 382–389.
https://doi.org/10.1111/mpp.13021

2�. Johansen, L.K., Carrington, J.C., 2001. Silencing on the spot. Induction and suppression of RNA
silencing in the Agrobacterium-mediated transient expression system. Plant Physiol. 126, 930–938.
https://doi.org/10.1104/pp.126.3.930

29. Kaweesi, T., Kawuki, R., Kyaligonza, V., Baguma, Y., Tusiime, G., Ferguson, M.E., 2014. Field evaluation
of selected cassava genotypes for cassava brown streak disease based on symptom expression and
virus load. Virol. J. 11, 216. https://doi.org/10.1186/s12985-014-0216-x

30. Lakatos, L., Csorba, T., Pantaleo, V., Chapman, E.J., Carrington, J.C., Liu, Y.-P., Dolja, V. V, Calvino, L.F.,
López-Moya, J.J., Burgyán, J., 2006. Small RNA binding is a common strategy to suppress RNA



Page 16/26

silencing by several viral suppressors. EMBO J. 25, 2768–2780. https://doi.org/7601164
[pii]\r10.1038/sj.emboj.7601164

31. Latham, J.R., Wilson, A.K., 2008. Transcomplementation and synergism in plants: Implications for
viral transgenes? Mol. Plant Pathol. https://doi.org/10.1111/j.1364-3703.2007.00441.x

32. Legg, J.P., Jeremiah, S.C., Obiero, H.M., Maruthi, M.N., Ndyetabula, I., Okao-Okuja, G., Bouwmeester, H.,
Bigirimana, S., Tata-Hangy, W., Gashaka, G., Mkamilo, G., Alicai, T., Lava Kumar, P., 2011. Comparing
the regional epidemiology of the cassava mosaic and cassava brown streak virus pandemics in
Africa. Virus Res. 159, 161–70. https://doi.org/10.1016/j.virusres.2011.04.018

33. Mascia, T., Gallitelli, D., 2016. Synergies and antagonisms in virus interactions. Plant Sci.
https://doi.org/10.1016/j.plantsci.2016.07.015

34. Mbanzibwa, D.R., Tian, Y., Mukasa, S.B., Valkonen, J.P.T., 2009. Cassava Brown Streak Virus
(Potyviridae) Encodes a Putative Maf/HAM1 Pyrophosphatase Implicated in Reduction of Mutations
and a P1 Proteinase That Suppresses RNA Silencing but Contains No HC-Pro. J. Virol. 83, 6934–
6940. https://doi.org/10.1128/JVI.00537-09

35. Mbanzibwa, D.R., Tian, Y.P., Tugume, a K., Patil, B.L., Yadav, J.S., Bagewadi, B., Abarshi, M.M., Alicai,
T., Changadeya, W., Mkumbira, J., Muli, M.B., Mukasa, S.B., Tairo, F., Baguma, Y., Kyamanywa, S.,
Kullaya, a, Maruthi, M.N., Fauquet, C.M., Valkonen, J.P.T., 2011. Evolution of cassava brown streak
disease-associated viruses. J. Gen. Virol. 92, 974–87. https://doi.org/10.1099/vir.0.026922-0

3�. McKinney, H.H., 1941. Virus-Antagonism Tests and Their Limitations for Establishing Relationship
between Mutants, and Non-Relationship between Distinct Viruses. Am. J. Bot. 28, 770.
https://doi.org/10.2307/2436663

37. Mérai, Z., Kerényi, Z., Kertész, S., Magna, M., Lakatos, L., Silhavy, D., 2006. Double-Stranded RNA
Binding May Be a General Plant RNA Viral Strategy To Suppress RNA Silencing. J. Virol. 80, 5747–
5756. https://doi.org/10.1128/jvi.01963-05

3�. Mohammed, I.U., Abarshi, M.M., Muli, B., Hillocks, R.J., Maruthi, M.N., 2012. The symptom and
genetic diversity of cassava brown streak viruses infecting cassava in East Africa. Adv. Virol. 2012,
795697. https://doi.org/10.1155/2012/795697

39. Monger, W. a., Seal, S., Cotton, S., Foster, G.D., 2001a. Identi�cation of different isolates of Cassava
brown streak virus and development of a diagnostic test. Plant Pathol. 50, 768–775.
https://doi.org/10.1046/j.1365-3059.2001.00647.x

40. Monger, W. a., Seal, S., Isaac, a. M., Foster, G.D., 2001b. Molecular characterization of the Cassava
brown streak virus coat protein. Plant Pathol. 50, 527–534. https://doi.org/10.1046/j.1365-
3059.2001.00589.x

41. Nichols, R.F.W., 1950. The Brown Streak Disease of Cassava. East African Agric. J. 15, 154–160.
https://doi.org/10.1080/03670074.1950.11664727

42. Nuwamanya, E., Baguma, Y., Atwijukire, E., Acheng, S., Alicai, T., 2015. Effect of cassava brown streak
disease (CBSD) on cassava (Manihot esculenta Crantz) root storage components, starch quantities



Page 17/26

and starch quality properties. Int. J. Plant Physiol. Biochem. 7, 12–22.
https://doi.org/10.5897/IJPPB2015.0227

43. Ogwok, E., Alicai, T., Rey, M.E.C., Beyene, G., Taylor, N.J., 2015. Distribution and accumulation of
cassava brown streak viruses within infected cassava (Manihot esculenta) plants. Plant Pathol. 64,
1235–1246. https://doi.org/10.1111/ppa.12343

44. Ogwok, E., Patil, B.L., Alicai, T., Fauquet, C.M., 2010. Transmission studies with Cassava brown streak
Uganda virus (Potyviridae: Ipomovirus) and its interaction with abiotic and biotic factors in Nicotiana
benthamiana. J. Virol. Methods 169, 296–304. https://doi.org/10.1016/j.jviromet.2010.07.030

45. Otti, G., Bouvaine, S., Kimata, B., Mkamillo, G., Kumar, P.L., Tomlins, K., Maruthi, M.N., 2016. High-
throughput multiplex real-time PCR assay for the simultaneous quanti�cation of DNA and RNA
viruses infecting cassava plants. J. Appl. Microbiol. 120, 1346–1356.
https://doi.org/10.1111/jam.13043

4�. Patil, B.L., Legg, J.P., Kanju, E., Fauquet, C.M., 2015. Cassava brown streak disease: A threat to food
security in Africa. J. Gen. Virol. 96, 956–968. https://doi.org/10.1099/vir.0.000014

47. Pfeffer, S., Dunoyer, P., Heim, F., Richards, K.E., Jonard, G., 2002. P0 of Beet Western Yellows Virus Is a
Suppressor of Posttranscriptional Gene Silencing 76, 6815–6824.
https://doi.org/10.1128/JVI.76.13.6815

4�. Pruss, G., Ge, X., Shi, M., Carrington, J.C., Vancea, V.B., 1997. Plant Viral Synergism : The Potyviral
Genome Encodes a Broad-Range Pathogenicity Enhancer That Transactivates Replication of
Heterologous Viruses 9, 859–868.

49. Pumplin, N., Voinnet, O., 2013. RNA silencing suppression by plant pathogens: defence, counter-
defence and counter-counter-defence. Nat. Rev. Microbiol. 11, 745–760.
https://doi.org/10.1038/nrmicro3120

50. Syller, J., 2012. Facilitative and antagonistic interactions between plant viruses in mixed infections.
Mol. Plant Pathol. 13, 204–216. https://doi.org/10.1111/j.1364-3703.2011.00734.x

51. Taylor, N.J., Halsey, M., Gaitán-Solís, E., Anderson, P., Gichuki, S., Miano, D., Bua, A., Alicai, T., Fauquet,
C.M., 2012. The VIRCA Project: virus resistant cassava for Africa. GM Crops Food.
https://doi.org/10.4161/gmcr.19144

52. Teycheney, P.-Y., Aaziz, R., Dinant, S., Sala, K., Tourneur, C., Bala, E., Jacquemond, M., Tepfer, M., 2000.
Printed in Great Britain Synthesis of (N)-strand RNA from the 3h untranslated region of plant viral
genomes expressed in transgenic plants upon infection with related viruses, Journal of General
Virology.

53. Tomlinson, K.R., Bailey, A.M., Alicai, T., Seal, S., Foster, G.D., 2018. Cassava brown streak disease:
historical timeline, current knowledge and future prospects. Mol. Plant Pathol.
https://doi.org/10.1111/mpp.12613

54. Tomlinson, K.R., Pablo-Rodriguez, J.L., Bunawan, H., Nanyiti, S., Green, P., Miller, J., Alicai, T., Seal,
S.E., Bailey, A.M., Foster, G.D., 2019a. Cassava brown streak virus Ham1 protein hydrolyses



Page 18/26

mutagenic nucleotides and is a necrosis determinant. Mol. Plant Pathol. 20, 1080–1092.
https://doi.org/10.1111/mpp.12813

55. Tomlinson, K.R., Seal, S.E., Bailey, A.M., Foster, G.D., 2019b. Utilization of infectious clones to
visualize Cassava brown streak virus replication in planta and gain insights into symptom
development. Virus Genes 55, 825–833. https://doi.org/10.1007/s11262-019-01697-5

5�. Valli, A., Dujovny, G., García, J.A., 2008. Protease activity, self interaction, and small interfering RNA
binding of the silencing suppressor p1b from cucumber vein yellowing ipomovirus. J. Virol. 82, 974–
86. https://doi.org/10.1128/JVI.01664-07

57. Valli, A., Oliveros, J.C., Molnar, A., Baulcombe, D., Garcia, J.A., 2011. The speci�c binding to 21-nt
double-stranded RNAs is crucial for the anti-silencing activity of Cucumber vein yellowing virus P1b
and perturbs endogenous small RNA populations. Rna 17, 1148–1158.
https://doi.org/10.1261/rna.2510611

5�. Vijayapalani, P., Maeshima, M., Nagasaki-Takekuchi, N., Miller, W.A., 2012. Interaction of the trans-
frame potyvirus protein P3N-PIPO with host protein PCaP1 facilitates potyvirus movement. PLoS
Pathog. 8, e1002639. https://doi.org/10.1371/journal.ppat.1002639

59. Voinnet, O., Pinto, Y.M., Baulcombe, D.C., 1999. Suppression of gene silencing : A general strategy
used by diverse DNA and RNA viruses of plants 96.

�0. Winter, S., Koerbler, M., Stein, B., Pietruszka, A., Paape, M., Butgereitt, A., 2010. Analysis of cassava
brown streak viruses reveals the presence of distinct virus species causing cassava brown streak
disease in East Africa. J. Gen. Virol. 91, 1365–72. https://doi.org/10.1099/vir.0.014688-0

�1. Yadav, J.S., Ogwok, E., Wagaba, H., Patil, B.L., Bagewadi, B., Alicai, T., Gaitan-solis, E., Taylor, N.J.,
Fauquet, C.M., 2011. RNAi-mediated resistance to Cassava brown streak Uganda virus in transgenic
cassava. Mol. Plant Pathol. 12, 677–687. https://doi.org/10.1111/J.1364-3703.2010.00700.X

�2. Zvereva, A.S., Pooggin, M.M., 2012. Silencing and innate immunity in plant defense against viral and
non-viral pathogens. Viruses 4, 2578–2597. https://doi.org/10.3390/v4112578

Tables
Table 1. Kruskal-Wallis analysis of TMV and PVY infections on transgenic plants expressing various
CBSV genes. Data from the Dunn test demonstrates the comparison with the infections in wild type N.
tabacum plants. In black are presented analysis from TMV infections showing synergy, in red is
presented analysis from the PVY infections showing antagonism, asterisks represent signi�cant
difference in viral accumulation in transgenic lines in comparison to infections in wild type N. tabacum.

Signi�cant differences present in transgenic plants, infected with TMV or PVY along 26 days. Days Post
Infection
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Figure 1

Assessment for synergistic or antagonistic interactions during mixed infections with CBSV/TMV and
CBSV/PVY. Left panels show symptoms for single and mixed infections at 15 DPI, which showed
synergistic and antagonistic interactions during CBSV/TMV and CBSV/PVY infections, respectively. A-C)
N. benthamiana and N. tabacum plants during CBSV, CBSV/TMV and TMV infections. N. benthamiana
shows enhanced symptoms for mixed infections with an accelerated necrosis and stunting, whilst N.
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tabacum mixed infections showed a minimum increase of mosaic and yellowing areas, which TMV or
CBSV single infections do not present at this stage. E-G) N. benthamiana and N. tabacum plants during
CBSV, CBSV/PVY and PVY infections. In N. benthamiana mixed infections showed a reduction of
stunting in comparison to single infections and typical CBSV necrosis was absent during all mixed
infection. In N. tabacum, mixed infections of these two viruses showed a little reduction in mottling in
comparison to PVY single infections.

Right panels show TMV or PVY viral titres measured by DAS-ELISA, when plants were infected with a
single virus (black) or combined with CBSV (white). B) Compares TMV titres in N. benthamiana, mixed
infections show an increase of TMV titre during mixed infections in comparison to TMV single infections.
D) Compares TMV titres in N. tabacum, mixed infections displayed an early increase in viral titre in
comparison to single infections. F) Compares PVY titres in N. benthamiana, mixed infections showed a
lower viral titter from the 12 DPI up to the 27 DPI in comparison to single infections. H) Compares PVY
titres in N. tabacum, mixed infection showed similar levels during mixed infections as for single
infections.

Figure 2

RT-PCR of CBSV genes present in transgenic N. tabacum plants, using at least three lines per gene. (+)
positive control used for the PCR reaction, (-) negative control used for the PCR reaction, the numbers 1-4
are the number of the N. tabacum transformed lines used for the con�rmation of CBSV transgenes.
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Figure 3

TMV viral titre measures by DAS-ELISA across 26 days of infection in N. tabacum transgenic lines
expressing genes from CBSV A) lines expressing P3 from CBSV, signi�cant differences are present in line
P3-5.1 at 14 DPI, B) lines expressing CI from CBSV, where not signi�cant differences are present but
medians tend to be higher than wild type plants at 4 and 6 DPI C) lines expressing 6k2 from CBSV,
indicating a signi�cant difference in line 6k2-9.1, showing increased of TMV viral titre at 2, 6 and 26 DPI,
also line 6k2-4.1 showed a signi�cant increase at 14 and 18 DPI. D) lines from VPG presented an
enhancement at 4 and 6 DPI but later it showed a signi�cant difference by the reduction of TMV viral titre
at 14DPI. E) lines expressing NIb from CBSV, signi�cant differences are present in lines NIb-1.1 and NIb-
12., showing an increase in TMV viral titre at 4 and 6 DPI. F) lines expressing Ham1-like from CBSV,
showed an increase of viral titre from the 2DPI and a signi�cant differences in lines Ham1-1.1 and Ham1-
4 at 6 DPI, all in comparison to infections in wild type N. tabacum plants.
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Figure 4

PVY viral titre measured by DAS-ELISA along 26 days of infection with PVY in transgenic N. tabacum
plants expressing CBSV genes A) lines expressing P3 from CBSV, showed a signi�cant difference at 10
and 26 DPI, B) lines expressing 6k2 from CBSV, displayed a signi�cant difference in titre in all lines at 10
DPI, later at 14 and 26 DPI in 6K2 4.1 and 6K2 1.1 respectively, C) lines expressing NIb from CBSV
showed a signi�cant difference only at 22 DPI but not in a antagonistic manner, D) lines expressing
Ham1-like from CBSV showed a trend to reduce viral titre along the 26 days, signi�cant differences were
present for the lines Ham1-1.1 and Ham1-4.1, showing reduction of PVY viral titre at 10 DPI and 26 DPI.
All are differences are in comparison to the infection in wild type N. tabacum plants.
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Figure 5

Assays for in planta RNA silencing suppression by transient expression of CBSV proteins. Positive
silencing suppression is indicated by visible GFP �uorescence. This demonstrates that the P1 protein
from CBSV show silencing suppression activity like the positive controls HC-Pro from PVY and P1 from
UCBSV. In comparison to the positive controls and P1, the other proteins encoded by CBSV were not able
to induce a detectable silencing suppression activity during the agroin�ltration assays. Assays were
performed by Agro-in�ltration of the 16c line N. benthamiana with a GFP expression vector together with
expression vectors for: P1, P3, 6K1, CI, 6K2, VPg, NIa, NIb, Ham1 and CP from CBSV. HC-Pro from PVY and
P1 from UCBSV were used as positive controls. 16c line in�ltrated only with GFP and the wild type (WT)
N. benthamiana were used as negative controls. Pictures of leaves were taken at 5 DPI. Patches
displaying strong expression of GFP (in yellow) indicate a strong silencing suppression activity.



Page 25/26

Figure 6

Assessing the silencing suppression ability of the LAAA modi�ed version of CBSV P1. The lack of visible
GFP in leaf areas in�ltrated with the modi�ed P1 indicate that the sequence change from LRRA to LAAA
was su�cient to stop silencing suppression activity. Imaging for the expression of the GFP was taken at
5 DPI, using N. benthamiana 16C line, comparing the CBSV P1 LAAA against the non-mutated P1 from
CBSV and the positive control P1 from UCSBV Kikombe.
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Figure 7

Comparison of infections in N. benthamiana plants at 15 DPI inoculated with A) CBSV_Tanza IC “IC”, B)
CBSV_Tanza_P1_LAAA IC “P1_LAAA” and C) non-inoculated N. benthamiana “Healthy”. N. benthamiana
plants inoculated with the P1_LAAA infectious clone did not generate symptoms by the 15 DPI. D) CBSV
titre was measured by TAS-ELISA across a 20-day time course for each IC. The P1_LAAA infectious clone
did not induce infection at any time point, whilst the wild type infectious clone displayed a high CBSV titre
at 10 and 15 DPI. Note that by 20 DPI the entire plant infected with the wild-type clone was severely
necrotic, hence the reduced apparent titre. 
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