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Abstract Many plant virus diseases of major eco-
nomic importance in sub-Saharan Africa are caused
by disease complexes resulting from synergistic inter-
action of two or more viral agents known to enhance
disease severity inflicting heavier crop losses. The
most destructive of these are maize lethal necrosis
disease (MLND), sweet potato virus disease (SPVD),
cassava mosaic disease (CMD), cowpea mosaic dis-
ease (CPMD), groundnut rosette disease (GRD) and
tobacco bushy top disease (TBTD). MLND, SPVD,
CMD and CPMD are caused by synergistic interac-
tion of two independent viruses in mixed infection,
whereas GRD and TBTD represent helper-dependent
synergism in which the multiple agents involved in
the disease complexes which include an umbravi-
rus, a polerovirus and a satellite RNA synergistically
interact with each other for their survival and spread.
Mixed virus infections can cause disease synergism
due to viral suppression of RNA silencing of host
defense, an increase in viral replication, enhanced
viral movement or any combination of these. Each
disease complex has its own characteristics, and a
variety of factors affecting its epidemiology must
be considered when devising diagnostic tools and
management options. All the causal viruses are
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transmitted by insect vectors such as aphids, white-
flies, thrips, or beetles while some are transmitted by
seeds or vegetative propagation. Although the diag-
nosis of the multiple agents is more complicated than
those with single infections, multiplex methods pri-
marily based on serology, PCR and next generation
sequencing are available and widely used. This paper
briefly addresses the etiology, symptoms, economic
importance, synergistic mechanisms, diagnosis, field
spread and management practices of these disease
complexes and discusses future research needs.

Keywords Mixed infection - Yield losses -
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Introduction

Plant virus diseases are among the major constraints
to global agricultural production because they sub-
stantially reduce crop yields and damage produce
quality. The annual global economic impact of crop
virus diseases is estimated at more than US$ 30 bil-
lion (Rao & Reddy, 2020). Crops in sub-Saharan
Africa (SSA) are particularly vulnerable to virus
diseases because in addition to the conducive tropi-
cal environment that favor disease development,
control measures are often either unavailable or not
readily accessible by the mostly small-scale farm-
ers (Thresh, 2003). Virus diseases can result either
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by infection by a single virus or a mixed infection
of two or more viruses and/or sub-viral agents.
In many cases, mixed infection by different viral
agents results in synergistic interactions which lead
to a drastic increase in symptom severity compared
to either of the single infections. Synergism is a
situation in which mixed infection of a plant with
two or more viruses results in an increased multipli-
cation of one or more of the viruses (Syller, 2012).
Viral synergism in crop plants has considerable
biological, epidemiological, and economic impli-
cations in that the increased multiplication of one
or more interacting viral partners may have modi-
fying effects on the virus ecology that may include
increased symptom severity, increased virus move-
ment in the host plant, expanded host range and
enhanced rate of vector transmission (Moreno &
Lépez-Moya, 2020), often resulting in higher crop
losses.

Synergistic virus-virus interaction can occur either
between two or more independent viruses or between
a helper and a dependent virus or sub-viral agent
which need each other for essential functions, for
which the term helper-dependence is used (Syller,
2012). The sub-viral agent involved can be a satel-
lite virus or a satellite RNA that may alter the result
of coinfection as in enhanced symptom severity. In
such interactions, in addition to an increase in viral
load or symptom severity, the virus infection cycle
may also be affected. Several diseases caused by a
mixed infection of umbravirus-polerovirus complexes
in which the polerovirus provides its coat protein to
the umbravirus and/or its satellite RNA to make the
latter aphid-transmissible exemplify such interac-
tions (Naidu et al., 1999). Many devastating crop dis-
eases in SSA are caused by mixed infection of viruses
resulting in complex synergistic interactions in an
independent or a helper-dependent manner. In this
review, an overview of economically important syn-
ergistic virus disease complexes affecting the major
crops in SSA is provided. Some of these disease
complexes occur exclusively in SSA while others are
of considerable economic importance in the region
although they may exist elsewhere. In addition, the
synergistic mechanisms involved and the different
detection, diagnosis, and management strategies that
are available for the disease complexes are discussed.
The key characteristics of viruses or sub-viral agents
involved in the interactions such as particle type,

@ Springer

genome type and structure, size and transmission
methods are presented in Table 1.

The disease complexes
Maize lethal necrosis disease

Maize (Zea mays L.) is the most important cereal
crop in SSA, covering over 40 million ha, largely in
smallholder farming systems. Maize lethal necro-
sis disease (MLND) is currently the most important
constraint in maize production in SSA (Prasanna
et al., 2020). The disease is characterized by severe
symptoms such as leaf necrosis, premature aging and
plant death and small cobs with no or few deformed
seed which dramatically reduce crop yield. MLND
is caused by synergistic interaction of two unrelated
viruses, maize chlorotic mottle virus (MCMYV, genus
Machlomovirus, family Tombusviridae) and one of
the maize-infecting members of family Potyviridae
(Mahuku et al., 2015). MCMYV was first recorded in
Peru in 1971 (Castillo & Herbert, 1974). In Africa,
MLND has first been reported in 2011 in Kenya
where it caused an extensive to complete yield loss
(Wangai et al., 2012). Yield losses of 23-100%
were reported in affected areas in Kenya (Prasanna
et al., 2020). At present, MLND has been identified
in Ethiopia, Kenya, South Sudan, Uganda, Rwanda,
Mozambique, Tanzania, and Democratic Republic of
the Congo (Redinbaugh & Stewart, 2018). Sugarcane
mosaic virus (SCMYV, genus Potyvirus, family Poty-
viridae) is the most common potyviral component of
MLND in Africa although recent evidence indicates
that johnsongrass mosaic virus (JGMV), another
potyvirus, can cause MLND in mixed infection with
MCMYV (Mahuku et al., 2015; Stewart et al., 2017).
Since SCMYV and to a lesser extent JGMV commonly
occur on maize in east African countries for decades
causing mosaic symptom (Kulkarni, 1973; Lencho
et al., 1997), the new and the most important compo-
nent of MLND is MCMV.

MCMYV and SCMV can individually cause mosaic
symptoms in maize in single infections resulting in
significant yield losses. The much more severe symp-
toms of MLND that occur in mixed infection result
because MCMV concentration increases many-folds
causing drastic increase in symptom severity while
that of SCMV remains unchanged (Goldberg &
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Brakke, 1987; Xia et al., 2016). MCMV is transmit-
ted by thrips (e.g. Frankliniella williamsi) and bee-
tles such as Oulema melanopus and Diabrotica spp
(Cabanas et al., 2013; Nault et al., 1978), and by seed
at a very low rate of 0.025-0.040% in east African
maize varieties (Kimani et al., 2021; Regassa et al.,
2021a). Although these rates of MCMYV seed trans-
mission appear to be very low, they may be sufficient
to provide initial foci to cause disease outbreaks in
the presence of high vector populations and to intro-
duce the virus to a new geographical area with seed
movement. MCMV is also transmitted by soil via
infected plant residue (Mahuku et al., 2015; Regassa
et al., 2022). On the other hand, SCMYV is transmitted
by aphids such as Rhopalosiphum maidis, R. padi and
Myzus persicae (Brunt et al., 2000) and seed at even
lower rate (Regassa et al., 2021a).

Sweet potato virus disease

Sweet potato (Ipomea batata) is an important food
security and subsistence crop in SSA. Virus diseases
occur wherever sweet potato is cultivated. The most
serious disease of sweet potato in Africa is sweet
potato virus disease (SPVD) caused by synergis-
tic interaction of sweet potato feathery mottle virus
(SPFEMV, genus Potyvirus, family Potyviridae) and
sweet potato chlorotic stunt virus (SPCSV, genus
Crinivirus, family Clostroviridae) (Karyeija et al.,
2000). Mixed infection of SPCSV and Sweet potato
virus C, a recently recognized potyvirus species ear-
lier used to be SPFMYV strain C also causes SPVD
(Kreuze et al., 2021). The disease was first observed
in what is now Democratic Republic of Congo in
1939 (Carey et al., 1999). Symptoms include severe
stunting, leaf distortion, vein clearing and chlorosis,
leading to an 80-90% decrease in tuber yield (Clark
et al., 2012). In addition to the direct yield losses
in the growing season, SPVD infection can cause
degeneration, a progressive yield decline in the next
seasons due to infection via vine cuttings (Gibson &
Krueze, 2015). Single infection of any of the viruses
causes milder symptoms and lesser yield losses and
does not cause SPVD. Studies showed that in the
interaction leading to SPVD, SPCSV enhances the
accumulation of SPEFMV by approximately 600-fold
with consequent increase in disease severity (Karyeija
et al., 2000). SPCSYV is transmitted by whitefly Bemi-
sia tabaci while SPFMV is transmitted by aphids
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such as Myzus persicae and Aphis gossypi (Shaefers
& Terry, 1976). SPVD is most prevalent in drier
regions of East Africa where whiteflies are also more
abundant (Aritua et al., 1998). However, due to veg-
etative propagation of sweet potato, transmission by
vine cuttings plays a more important role in disease
spread to the next crop as well as to new geographical
areas (Gibson & Krueze, 2015).

SPCSV can also cause synergistic diseases with
other sweet potato viruses, including sweet potato
mild mottle virus (SPMMYV, genus Ipomovirus, family
Potyviridae) (Untiveros et al., 2007). In east Africa,
synergistic interaction of SPCSV and SPMMYV causes
a severe symptom of chlorosis, rugosity, leaf strap-
ping and dark green islands resulting in a disease des-
ignated sweet potato severe mosaic disease causing
about 80% losses (Mukassa et al., 2006). Similarly,
the presence of a third different virus in plants affected
with SPVD increased the severity of symptoms even
further compared with SPVD alone (Mukassa et al.,
2006, Untiveros et al., 2007). SPCSV, as a partner
in SPVD, is therefore considered the most signifi-
cant virus contributing to sweet potato yield losses in
Africa and elsewhere. Recent studies in South Africa
(Mulabisana et al., 2019) however demonstrated that
SPFMV and begomoviruses in different combinations
of mixed infection can also cause up to total yield
losses depending on sweet potato cultivars used, high-
lighting the economic importance of multiple virus
infections even if SPCSV is absent.

Cassava mosaic disease

Cassava (Manihot esculanta Crantz) is an important
food security crop for about one billion people. SSA
produces more than 60% of global cassava produc-
tion mostly by small holders. Cassava mosaic dis-
ease (CMD) is a devastating virus disease caused by
a complex of at least 11 distinct but closely related
begomoviruses (genus Begomovirus, family Gemi-
niviridae) worldwide, of which nine occur in Africa
(Legg et al., 2015). All these begomoviruses elicit the
same mosaic diseases in infected cassava plants which
typically include an irregular yellow or yellow—green
chlorotic mosaic of leaves, leaf distortion and extreme
narrowing near leaf let base, and stunted growth.
CMD was first recorded in present-day Tanzania 130
years ago (Warburg, 1894) which makes it the first
recorded plant virus disease in Africa. Since then,
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CMD has been reported from nearly all countries of
Africa where cassava is cultivated with an estimated
total loss of more than US$1 billion incurred annually
(Legg et al., 2019). The begomoviruses are transmit-
ted between plants by the whitefly Bemisia tabaci and
spread to the next crop or new areas mainly through
infected cuttings, which are the usual mode of cas-
sava propagation (Legg et al., 2015).

While single infection of cassava begomoviruses
alone can cause huge losses by itself, evidence that
emerged in late 1990’s indicated that in mixed infec-
tion, two of the CMD causal viruses, African cassava
mosaic virus (ACMV) and a recombinant Ugandan
strain of East African cassava mosaic virus (EACMV-
UG) interact synergistically, leading to increased viral
titers and enhanced symptom severity than both sin-
gle infections (Harrison et al., 1997). Such synergism
due to dual infection was first observed in Uganda,
Tanzania, and southern Sudan. A similar synergistic
interaction was reported in Cameroon in mixed infec-
tion of ACMV and East Africa cassava mosaic Cam-
eroon virus (EACMCYV) in which case a many-fold
increase in viral DNA of both viruses and enhanced
symptom severity was reported (Fondong et al.,
2000). This work also provided the first experimental
evidence of begomoviral synergism. Such considera-
ble increase in virus accumulation in mixed infection
is believed to have epidemiological implication as it
will dramatically increase the transmission efficiency
of the viruses by whitefly vector. This biological phe-
nomenon is believed to be among the key factors in
the genesis and spread of the CMD pandemic in East
and Central Africa (Pita et al., 2001). Moreover, the
impact of synergistic interaction of the two viruses on
cassava yield was demonstrated by field experiment
in Uganda in which compared to virus-free cassava
control, yield reduction on plants affected by ACMV
and EACMV-UG (severe isolate) was reduced by 42%
and 68% respectively, while those of mixed infection
of the two viruses was reduced by 82% (Owor et al.,
2004).

Cowpea mosaic disease

Cowpea (Vigna unguiculata) is the most widely culti-
vated indigenous legume in SSA, especially by small-
holder farmers. SSA accounts for about 70% of total
world production. Virus diseases are among the major
constraints to cowpea productivity in SSA reducing

grain yield by 20-80% (Legg et al., 2019; Thottap-
pilly & Rossel, 1992). The most widespread and
economically important viruses are cowpea aphid-
borne mosaic virus (CABMYV), bean common mosaic
virus (black eye cowpea strain) (BCMV-BICM), for-
merly black eye cowpea mosaic virus (both in genus
Potyvirus, family Potyviridae) and cucumber mosaic
virus (CMV, genus Cucumovirus, family Bromov-
iridae) (Hampton et al., 2003; Legg et al., 2019).
These viruses occur wherever the crop is grown and
cause significant yield loss in either single or mixed
infection among themselves or with any other cow-
pea viruses (Hema et al., 2014; Legg et al., 2019).
CABMYV and BCMV produce an indistinguishable
mosaic, veinal and interveinal chlorosis, or dark-
green vein banding. on susceptible cowpeas while
CMV causes some yellow mosaic and distortion of
leaves. All the three viruses are seed-transmitted to
a varying extent and transmitted by different aphids
such as Aphis craccivora and Myzus persicae (Brunt
et al., 2000).

Mixed infections of different viruses includ-
ing those of CABMV, BCMV and CMV have been
reported to occur wherever cowpeas are grown caus-
ing serious damage to crop productivity (Hema et al.,
2014; Legg et al.,, 2019). This is partly explained
by the fact that these three viruses are transmitted
by seeds and share aphids vector species for field
spread. Co-infection of Moroccan strains of CABMV
and CMV cause a synergistic effect on cowpea in
Morocco sometimes resulting in premature death
of the plant (Fischer & Lockhart, 1976). In another
study, Mih et al. (1991) reported from Nigeria that
in a susceptible cowpea variety, mixed infection of
CABMYV and CMYV caused a significantly lower yield
compared to singly infected or uninoculated control.
In the USA, a severe stunting disease named cow-
pea stunt caused by a strong synergistic interaction
between CMV and BCMV (black-eye cowpea mosaic
virus strain) results in serious losses in cowpeas (Pio-
Ribeiro et al., 1978). The authors further indicated
that each virus caused relatively mild disease when
inoculated singly and cowpea plants showed signifi-
cantly reduced stunting. Although cowpea stunt syn-
drome like that reported in the USA is not reported
in SSA, mixed virus infection is very common in
cowpea and research efforts are being made to obtain
multiple virus-resistant cultivars (Legg et al., 2019).
However, information on virus synergism, the effect
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of co-infection on virus accumulation and symptom
severity as well as the mechanisms of the interac-
tion are lacking and should be addressed in future
research.

Groundnut rosette disease

Groundnut (Arachis hypogaea L.), also known as
peanut, is an important food and cash crop in SSA
predominantly grown by crop small scale farmers as
a source of dietary protein, oil, and fodder. Ground-
nut rosette disease (GRD) caused by viruses is the
most destructive biotic constraint of groundnut in
SSA (Waliyar et al., 2007). It was first reported in
1907 in the present-day Tanzania and occurs only in
the African continent and its offshore islands (Naidu
et al., 1999). Disease symptoms include very severe
stunting, shortened internodes, and reduced leaf size
resulting in bushy plant appearance usually with
bright yellow curled leaves (chlorotic rosette) or dark
or light green leaves (green rosette) (Naidu et al.,
1998). The disease is sporadic with an average annual
yield loss estimated between five and 30% in non-epi-
demic years and epidemics often result in 100% yield
loss (Olorunju et al., 1991). Numerous epidemics of
rosette have been reported in Africa resulting in sub-
stantial crop losses (Naidu et al., 1999).

GRD is a classic example of a complex and helper-
dependent synergism. It is caused by a synergistic
interaction of three viral agents that depend on each
other and contribute to the biology and perpetua-
tion of the disease: groundnut rosette assistor virus
(GRAYV, genus unassigned, family Solemoviridae),
groundnut rosette virus (GRV, genus Umbravirus,
family Tombusviridae) and its satellite RNA (GRV-
SatRNA) (Naidu et al.,, 1999). In the interaction,
GRAV provides GRV and satellite RNA with its coat
protein for encapsidation and transmission by aphid
vector as GRV does not encode a coat protein. GRV
helps the satellite RNA in replication. SatRNA is
primarily responsible for disease symptoms (Murant
et al., 1988). It also helps in encapsidation of GRV
RNA into GRAV coat protein and thereby assists
in aphid transmission. GRAV and GRV can repli-
cate autonomously, but satRNA totally depends on
GRYV for replication. Variants of the GRV-satRNA
are responsible for the two different major disease
symptom types, chlorotic and green rosette (Murant
& Kumar, 1990). GRAV or GRV on their own cause
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mild mottle symptoms resulting in limited yield
losses. Hence, each agent has a role to play in dis-
ease development and epidemiology. All the three
agents of GRD are transmitted in nature by aphid
(Aphis craccivora) in a persistent manner but are not
transmitted by seed. GRV and Satellite RNA can be
mechanically transmitted under experimental condi-
tion (Waliyar et al., 2007). The number of plants that
possess all the three agents plays a crucial role in the
secondary spread of the disease in a field, while the
number of plants that show typical GRD symptoms
influence yield (Hema et al., 2014).

Tobacco bushy top disease

Tobacco (Nicotiana tabacum) is widely cultivated in
Africa for its leaves used in product processing. The
major growing countries include Zimbabwe, Mozam-
bique, Malawi, Tanzania, Uganda and Ethiopia. Of
the several viruses reported on tobacco worldwide,
disease complexes caused by umbraviruses (genus
Umbravirus, family Tombusviridae) and associated
viral and sub-viral agents cause significant losses
in parts of SSA (Tolin, 2008). The most damag-
ing of these is tobacco bushy top disease (TBTD)
known to occur in Zimbabwe, Malawi, Zambia and
South Africa since 1960’s (Gates, 1962) and recently
reported from Ethiopia where it causes a reduction in
harvestable leaf yield of up to 60% in infected plants
(Abraham et al., 2014). Symptoms include stunted
growth, leaf distortion and curling, early formation of
lateral shoots on which other shoots were produced
resulting characteristic bushy top appearance. A simi-
lar disease is known to occur in China since 1990’s
(Mo et al., 2002). Earlier research in southern Africa
based on symptomatology and transmission charac-
teristics showed that TBTD is caused by two viruses;
tobacco bushy top virus and tobacco vein distorting
virus, the former being aphid-transmissible only when
it is together with the latter which acts as a helper
(Cole, 1962; Gates, 1962). In China, the association
of four components, tobacco bushy top virus (TBTV,
genus umbravirus, family Tombusviridae), tobacco
vein distorting virus (TVDV, genus Polerovirus, fam-
ily Solemoviridae), TBTV satellite RNA (TBTV-
satRNA) and TVDV-associated RNA (TVDV-aRNA)
were described (Chen et al., 2022). TBTD in Ethiopia
was shown to be caused by at least three agents quite
distinct from those in China: a previously unreported
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umbravirus named Ethiopian tobacco bushy top virus
(ETBTV), a novel satellite RNA associated with it
(ETBTV-satRNA) and potato leaf roll virus (PLRV)
(Abraham et al., 2014). It was further shown that
ETBTYV and its satRNA are associated with TBTD in
Zimbabwe and Malawi (Abraham et al., 2014; Uda-
gawa et al., 2020). In addition, an unpublished par-
tial PLRV sequence from TBTD-infected tobacco in
Zimbabwe deposited in the public database (Gen-
Bank Acc No. MW113251) indicates that PLRV is
associated with TBTD there presumably as a helper
to ETBTV. No sequence identical to those of TBTV
or TVDV described from China was reported in Afri-
can TBTD-infected tobacco samples analyzed so far.
This suggests that ETBTV and TBTV with their asso-
ciated helper viruses and satellite RNA molecules are
responsible for symptomatically the same tobacco
disease in different geographical regions of Africa
and China respectively. The International Commit-
tee on Taxonomy of Viruses (ICTV) currently rec-
ognizes TBTV and ETBTV as two distinct species in
the genus Umbravirus (ICTV Release, 2022). Inter-
estingly, sequence analysis shows that ETBTV is
phylogenetically more closely related to GRV infect-
ing groundnut in Africa than TBTV from tobacco in
China (Abraham et al., 2014; Udagawa et al., 2020).

All the three agents involved in TBTD in Ethiopia
are efficiently transmitted from bushy top-diseased
tobacco by field-collected red tobacco aphid (Myzus
persicae nicotianae) to healthy tobacco plants includ-
ing Virginia variety and several other plant species
(Abraham et al., 2014). Hence, this aphid which com-
monly colonizes tobacco is believed to be responsible
for the field spread of the disease. While ETBV and
ETBV-satRNA are mechanically transmissible, PLRV
is required for transmission of all the viral agents by
the aphid in the laboratory experiment. Two other
subviral species with 3 kb and 1 kb size observed in
dsRNA extractions from Ethiopian samples (Abra-
ham et al., 2014) are presumed to represent an associ-
ated RNA and additional satellite RNA respectively
like those described from China (Chen et al., 2022)
but further molecular characterization is necessary. In
addition, future studies should focus on the geograph-
ical distribution and relative importance and further
analysis of umbravirus-polerovirus-satellite complex
in tobacco growing regions of SSA as well as the
biological role of each agent in disease symptom and
virus perpetuation.

Mechanisms of viral synergism

Plants have a robust immunity based on silencing
virus-derived small-interfering (si)RNAs to defend
themselves from invading viruses. Viruses counter
this plant defense by encoding viral suppressor of
RNA silencing (VSRs) proteins (Pumplin & Voin-
net, 2013). Research in the last decades has shown
that in the majority of the cases of mixed viral infec-
tion that results in synergistic interaction, VSRs play
a key role (Ghosh et al., 2021; Mascia & Gallitelli,
2016). VSRs-encoded proteins of one virus may act
by assisting the other virus to cope with the already
weakened host’s antiviral response resulting in more
virus accumulation, leading to a state of synergism.
This phenomenon was first demonstrated in a syner-
gistic mixed infection of potato virus X (PVX) and
potato virus Y (PVY) where potyviral Pl/helper
component protease (HC-Pro) proteins suppressed
plant RNA silencing in potato enhancing PVX mul-
tiplication and hence symptom severity (Vance et al.,
1995; Pruss et al. 1997). Several other studies on viral
synergistic interactions were shown to have similar
mechanisms (Ghosh et al., 2021; Mascia & Gallitelli,
2016). In MLND for example, HC-Pro encoded by
the potyvirus SCMV was implicated in VSRs activ-
ity. Mutation of an active motif of HC-Pro protein of
SCMV impaired MCMV accumulation and syner-
gistic interaction in mixed infection of MCMV and
SCMYV in maize (Xu et al., 2020). Coinfection of
MCMV and SCMV also remarkably increased the
accumulation of MCMV-derived siRNAs suggesting
its role in synergistic interaction (Xia et al. 2016). In
synergistic interaction of SPFMV and SPCSV lead-
ing to SPVD, however, VSRs was shown to be medi-
ated by the RNase3 protein encoded by SPCSV, the
non-potyviral component (Cuellar et al., 2009). It was
suggested that RNase3 may synergize SPFMV and
other viruses by targeting a specific host component
via interference with small-RNA biogenesis. In severe
mosaic disease of cassava caused by synergistic
mixed infection of two related begomoviruses, Afri-
can cassava mosaic virus-Cameroon (ACMV-CM)
and East African cassava mosaic Cameroon virus
(EACMCYV), both viruses benefit from each other in
terms of viral replication (Vanitharani et al., 2004).
AC4 protein encoded by ACMV-CM was alone able
to enhance the accumulation of EACMCYV, and simi-
larly, AC2 encoded by the counterpart, EACMCY,
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could increase the viral titer of ACMV-CM and these
two proteins (ACMV-AC4 and EACMCV-AC2) act
as suppressors of post transcriptional gene silenc-
ing (Vanitharani et al., 2004). These examples indi-
cate that diverse types of virus-encoded proteins are
involved in VSRs in different combinations of syner-
gistic virus-virus interactions.

Mechanisms other than VSRs are also known to
mediate viral synergism (Ghosh et al., 2021; Mascia
& Gallitelli, 2016). These include situations where a
virus makes the other virus replication competent, or
a virus facilitates the systemic movement of another
virus. In one of such examples involving two bego-
moviruses, the C2 protein encoded by beet curly top
virus induces the expression of cell cycle genes and
renders the infected cell replication-competent, which
promotes its synergistic partner, tomato yellow leaf
curl Sardinia virus, to replicate more (Caracuel et al.,
2012). In another example in which virus movement
is enhanced, the P3N-PIPO protein encoded by the
potyvirus white clover yellow vein virus (WCIYVYV)
synergistically interacts with the potexvirus white
clover mosaic virus (WCIMV) and facilitates its sys-
temic spread in pea, without enhancing its accumula-
tion per cell (Hisa et al., 2014). This result suggests
that PN3-PIPO is involved in the synergy between
WCIMV and WCIYVV by facilitating virus move-
ment, but not via a suppression of RNA silencing.

Helper-dependence is a particularly interesting
example of virus synergism that occurs when a
“dependent” virus that lacks genes encoding for
certain protein with essential functions can utilize
complementary proteins encoded by a co-infecting
“helper” virus. In many instances, such co-infections
also result in significantly enhanced symptom devel-
opment in the host and significantly increased accu-
mulation of one or more of the co-infecting viruses
(Erickson & Falk, 2023). In complex helper-depend-
ent synergism like that of umbraviruses, polerovi-
ruses and satellite RNAs exemplified by GRD and
TBTD, the polerovirus provides coat protein for the
umbravirus and satellite RNA to assist in encapisi-
dation and aphid transmission (Naidu et al., 1999;
Chen et al., 2022). The umbravirus helps the satel-
lite RNA in replication as the latter does not code for
replicase protein. Satellite RNAs on the other hand
are largely responsible for symptom type or sever-
ity as demonstrated in GRD (Murant et al., 1988)
and more recently in TBTD (Chen et al., 2022). The
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mechanisms responsible for increased accumulation
of some viruses in umbravirus-polerovirus co-infec-
tion aren’t precisely known. However three main ways
are suggested (Erickson & Falk, 2023): (a) an increase
in the replication of one or more co-infecting viruses,
resulting in more viral copies per cell; (b) an interac-
tion of umbravirus encoded movement proteins with
co-infecting heterologous viral RNAs to impart them
with cell-to-cell and systemic movement within the
plant thereby resulting in more cells being infected
with the dependent virus; and (c) the possibility that
one or more of the co-infecting viruses have differ-
ent host defense mechanisms that can suppress host
defense systems against which the other co-infecting
virus(es) may be susceptible.

Taken together, mixed virus infections can cause
disease synergism due to VSRs of host defense mech-
anism, an increase in viral replication, or viral move-
ment. It is likely that a combination of these various
viral functions and other possible unknown mecha-
nisms interplay to produce synergistic interaction
in various virus-virus and virus-host combinations.
Despite the existence a large body of knowledge on
the essential role of VSRs in virus synergism, the
exact mechanisms on how VSRs induce and exacer-
bate the development of more severe symptoms is still
poorly understood (Ghosh et al., 2021; Mascia & Gal-
litelli, 2016). More research focusing on molecular
characterization of viral synergistic interactions will
not only lead to better understanding of the molecu-
lar basis of synergism but also enable virologists to
devise a suitable innovative antiviral control strategy
based for instance on siRNA.

Detection and diagnosis

A fast and accurate identification of the causal
agent(s) of a disease complex is crucial to devise
suitable management practices. Disease complexes
caused by multiple viruses are obviously more dif-
ficult to diagnose and manage than single infec-
tions and demand additional efforts and resources.
Recent developments in methods used for plant
virus diagnosis have been reviewed by Boonham
et al. (2014) and Mehetre et al. (2021). Serologi-
cal methods, particularly enzyme-linked immuno-
sorbent assay (ELISA), polymerase chain reaction
(PCR) or reverse transcription (RT)-PCR and next
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generation sequencing are the most versatile and
commonly used diagnostic techniques. To reduce
the cost, improve speed and increase efficiency, var-
ious modifications of these methods were adopted
for simultaneous detection of different viruses in a
mixed infection in one test. Some of the commonly
used modifications are briefly described below.

Various ELISA formats are routinely used to spe-
cifically detect cassava, maize, sweet potato and
cowpea viruses using commercially available virus-
specific monoclonal and polyclonal antibodies. Indi-
vidual assays conducted using different virus-specific
antibodies using separate solid supports (e.g. micro-
titer plates or nitrocellulose membranes) in parallel
for the single sample have been commonly used to
reveal mixed infection if it exists. Sometimes, broad
spectrum monoclonal antibodies detecting viruses in
certain taxonomic groups are employed in ELISA to
capture different viruses in mixed infections in one
test when the mixture belongs to a broader group.
The mixture may include a novel virus belonging to
that group. Examples are potyvirus-specific monoclo-
nal antibody 2-3H5 known to detect up to 73 species
(Menzel & Winter, 2021) and monoclonal antibody
2-5G4 that detects many members of genera Polero-
virus and Luteovirus (Abraham et al., 2006; Katul,
1992). In a recent development, cocktail ELISA in
which recombinant polyclonal antibodies are raised
against the bacterial expressed fused coat protein of
different viruses were successfully used for multiple
virus detection in plant samples (Kapoor et al., 2014).
The major drawback of ELISA method when used
for detecting mixed infection is the need to have spe-
cific antibodies of a suspected “known” virus which
precludes viruses for which specific antibody is not
available, including novel species. Other limitations
include its being less amenable to multiplexing, its
failure to differentiate between some related viruses
due to cross reaction (e.g., cassava begomoviruses),
its inability to detect umbraviruses and satellite ele-
ments which do not have coat protein and its lesser
sensitivity compared modern molecular techniques
such as PCR.

Among several PCR modifications, multiplex PCR
(or reverse transcription (RT)-PCR) has become a
fast, cost-effective, and more efficient method for
the detection of multiple viruses in mixed infec-
tions. Several sets of specific or generic PCR primer
pairs designed for the diagnosis and detection of the

different viral components in disease complexes are
currently available for use single or multiplex PCR,
including all the viral agents covered in this review.
In many cases, PCR-based specific diagnosis is con-
firmed by sequencing the corresponding amplicons
or restriction fragment length polymorphism (RFLP)
analysis. Multiplex PCR/RT-PCR tests have also been
developed to detect all members of a specific genus
or genera by designing degenerate or specific prim-
ers that target highly conserved regions of the virus
genome (Pallas et al., 2018). In some cases, such an
approach has led to the discovery of previously unde-
scribed viruses involved in disease etiology (e.g.,
Abraham et al., 2006). For some applications, mul-
tiplex quantitative (q)PCR and RT-qPCR enable the
quantitative analysis of viruses in epidemiological
studies, synergistic interaction, or changes in expres-
sion of viral or host gene in virus-virus or plant-virus
interaction (Pallas et al., 2018, Mehetre et al., 2021).
The multiplex detection via qPCR has been limited to
a few targets due to the number of florescent targets
that can be used, for example the number reporter and
quencher dyes for TagMan probes or melting curve
analysis (Pallas et al., 2018).

Next generation sequencing (NGS) also known
as high throughput sequencing, is the most power-
ful technique currently available for multiplex detec-
tion of unlimited number of viruses in mixed infec-
tions. NGS is highly sensitive and has the potential to
detect the full spectrum of viruses infecting a given
host, including known and novel viruses regardless of
their genome nature or structure. This unique prop-
erty of unbiased and non-targeted detection makes
NGS a method of choice for simultaneous detec-
tion of multiple viruses in mixed infection in disease
complexes. NGS provides a high level of multiplex-
ing without the need to use virus-specific reagents
(Boonham et al., 2014). In addition, it has made char-
acterization of complete viral genome, or its compo-
nent much easier. Many recent studies on virus dis-
ease complexes in SSA have benefitted significantly
from applications of NGS. Relevant examples from
SSA include the diagnosis of the viral components
of MLND in east Africa (Adams et al., 2013; Gua-
die et al., 2019), sweet potato viruses in eastern and
southern Africa (Kreuze et al.,, 2009; Mulabisana
et al. 2019), sequencing of genomes of GRV and
GRAV in groundnut (Jones et al., 2020; Wainaina
et al., 2018) and potyviruses and other novel viruses
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in cowpea (Palanga et al., 2016), and gene expression
analysis of mosaic-infected cassava (Bizabani et al.,
2012). The two major challenges in the use of NGS
for virus disease diagnosis in SSA are its high cost
which makes it unaffordable to most poorly funded
laboratories and the need for advanced bioinformatics
skills and facilities to analyze complex and massive
sequence data. On the technical side, determining
the link between the viruses inferred from sequence
data and the symptoms of disease in the samples
from which they were sequenced is sometimes dif-
ficult especially when novel or unexpected viruses
are discovered. This has recently been observed in
SSA where maize and cowpea samples suspected of
MLND in Kenya and mosaic symptoms in Burkina
Faso, respectively, were found to contain novel and
previously unreported viruses with potyvirus-like,
polerovirus-like and tombusvirus-like sequences
whose contribution to the disease symptoms of the
samples largely remained unclear (Palanga et al.,
2016; Wamaitha et al., 2018).

Disease management

The most effective way to manage plant virus dis-
eases is to use agricultural practices that prevent virus
multiplication or spread since plants cannot be cured
once infected. This is best achieved when there is a
sound knowledge of disease epidemiology. Com-
monly used approaches in virus disease management
are the use of resistant crop varieties, phytosanita-
tion, chemical control of vectors and cultural prac-
tices. A single measure is often inadequate and thus
a combination of two or more is used depending on
the type of virus disease. The use of virus-resistant
crop varieties, when available, is the best and easi-
est way to control virus disease complexes. Resist-
ant varieties are developed and in wide use in differ-
ent countries to control MLND in maize (Prasanna
et al. 2020, Regassa et al., 2021b), CMD in cassava
(Fondong, 2017), GRD in groundnut (Waliyar et al.,
2007), SPVD in sweet potato (Mwanga et al., 2003)
and CPMD in cowpea (Hampton et al., 2003; Legg
et al., 2019). At the same time, research efforts are
being made to develop virus-resistant varieties using
traditional or modern approaches. Resistant varie-
ties however may not give complete control and have
sometimes to be supplemented with other measures,
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or they may not be available to farmers in some geo-
graphical areas. Hence, other control measures such
as phytosanitation must be used in combination
with resistance varieties or alone. The major feature
of phytosanitation is crop hygiene, the use of virus-
free planting materials being the focus. For control
of diseases of vegetatively propagated crops like
CMD in cassava and SPVD in sweet potato, empha-
sis was given to obtain virus-free plant cuttings (vines
or stems) which may be selected by farmers from
healthy looking plants or obtained by eliminating the
viruses by meristem culture often followed by ther-
motherapy and chemotherapy (Gibson et al., 1997;
Maruthi et al., 2019; Mashilo et al., 2013). For virus
diseases transmitted via seeds such as MCMYV in
maize and CABMYV in cowpea, the use of virus-tested
and free seeds will minimize crop losses as contami-
nated seed can act as initial source of inoculum for
further spread by insect vectors (Hema et al., 2014;
Legg et al., 2019).

Crop hygiene also involves the removal of crop
residues or debris and surviving plants from the pre-
vious crops to reduce carrying diseased inoculum to
new crops and rogueing infected plants early in the
growing season. Cultural practices such as planting
date adjustment and crop rotation and the use of early
maturing cultivars are known to reduce incidence
of diseases such as MLND and GRD (Legg et al.,
2015; Phillips et al., 1982). For TBTD, there is no
resistant tobacco variety available to date (Udagawa
et al., 2020). In Malawi and Zimbabwe, combining
the use of insecticide such as Imidacloprid (Confidor
70 WG), Thiamethoxam (Actara 25 WG or Acetami-
prid (Acetamark 20 SP) to control the aphid vectors,
employing cultural practices like avoiding planting
during the time with high aphid pressure, suitable
adjustment in crop calendar and safe distance between
seedbed and standing crops reduce yield losses con-
siderably (Mainjeni et al., 2016). Insecticides applied
as foliar sprays or seed treatments are also effec-
tive against the spread of many vector-borne viruses
including GRD, MLND and CMD (Legg et al., 2015;
Naidu et al., 1999; Redinbaugh & Stewart, 2018).
However, most small holders in SSA cannot afford
pesticides and do not use them, their use mainly being
limited to research and quarantine purposes. Overall,
a single measure is often inadequate to control a virus
disease and combining two or more options tailored
to specific virus pathosystem, agronomic practices,
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and geographical regions in an integrated manner are
the most effective.

Conclusion and perspectives

Synergistic virus disease complexes of the major
crops grown in SSA covered in this review comprise
some of the most important constraints to agricul-
tural production in the region. Research conducted
on these disease complexes in the region has led to
the description of the main characteristics of several
viral or subviral agents involved and associated dis-
ease symptoms, estimation of economic importance
and crop losses incurred, understanding of the mode
of spread and the development of diagnostic tools
and management options. Diseases such as MLND,
SPVD, CMD are caused by two or more independ-
ent viruses that occur together in mixed infection in
which at least one virus benefits the other. In the case
of cowpea mosaic viruses, multiple virus infections
are common but there is no adequate information
on the existence of synergistic interaction highlight-
ing the need for more studies. The consequence of
synergistic interaction of independent viruses in the
different pathosystems also varies between disease
complexes. For diseases like MLND and SPVD, syn-
ergistic interaction is a primary factor contributing
to yield reduction whereas for CMD, single infection
can also cause substantial yield losses while mixed
infection can aggravate the disease causing more
crop losses. On the other hand, GRD on groundnut
and TBTD on tobacco are good examples of helper-
dependent synergism. An interesting observation with
the causal agents of these two diseases in SSA is that
their umbravirus components, GRV and ETBTYV, are
phylogenetically closer to each other than any other
virus known (Abraham et al., 2014; Udagawa et al.,
2020). An earlier study has shown that based on
coat protein sequence, GRAV (which is the assistor
to GRV) is phylogenetically most closely related to
chickpea chlorotic stunt virus (CpCSV), a polerovirus
first described from Ethiopia (Abraham et al., 2006).
Another study (Abraham et al., 2009) indicated that
among several CpCSV isolates analyzed, those from
Ethiopia and Sudan (SSA) are phylogenetically more
closely related to GRAV than those from North
Africa and West Asia. It has been suggested that the
groundnut rosette disease agents including GRAV

and GRV have coevolved with indigenous plants
other than groundnut in Africa and later infected
groundnut when it was introduced in the 16th cen-
tury in a new encounter phenomenon (Naidu et al.,
1998; Jones, 2020). Since tobacco was also intro-
duced to Africa in 16th century, similar phenomenon
can be proposed on the introduction and coevolution
of tobacco and viruses like ETBTV which infect it in
Africa. Because ETBTV, GRV, GRAV and CpCSV
have an overlapping geographical distribution in SSA,
it is plausible to conclude that ETBTV and GRV on
one hand, and CpCSV and GRAV on the other, had
common umbravirus- and polerovirus-like ancestors,
respectively in SSA from which they have diverged
by adaptation to different hosts like tobacco and leg-
umes. It is also possible that the ancestral virus then
migrated to Asia where they have evolved to viruses
such as TBTV in geographical isolation.

Each virus disease complex described has its own
characteristics and has a variety of factors affecting
its epidemiology that must be considered when devis-
ing diagnosis and management methods. Moreover,
climate change can exacerbate the situation further
resulting in disease outbreaks due to the increased
activity of vectors and enhanced viral multiplica-
tion with rising temperatures, although studies are
required to determine what the overall effects could
be. In terms of improving management practices,
modern technologies such as genetic modification can
potentially complement traditional breeding for virus
resistance. However, despite previous research efforts
to introduce virus-resistance by genetic transforma-
tion in crops like sweet potato (Sivparsad & Gubba,
2014), cassava (Fondong, 2017) and cowpea (Cruz
& Aragdo, 2014), no genetically engineered virus
resistant crop variety has been released and commer-
cialized in SSA. This is attributed mainly to techni-
cal barriers and biosafety regulatory concerns. In
this connection, the potential of novel, low-cost and
easy-to adopt non-transgenic genetic modification
techniques such as spray-induced gene silencing of
dsRNA molecules and CRISPR/CAS that targets viral
genome or to edit susceptibility disease (Mitter et al.,
2017; Tatineni & Hein, 2023) should be explored as
alternative strategies. These technologies appear to
be technically less demanding, more acceptable to the
public and easier to apply for smaller holders in SSA.
Finally, there is a need to generate further information
on viruses in less studied crops such as cowpea and
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tobacco particularly in eastern and southern Africa
where little research attention has been given so far.
In addition, since many reports from virus surveys of
crop plants show multiple virus infections (Moreno
& Lépez-Moya, 2020), future studies should focus
on the interaction between these viruses. These stud-
ies may include widespread and economically impor-
tant viruses in SSA that are not covered in this review
such as maize streak viruses in maize and cassava
brown streak viruses in cassava.
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