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Abstract 
 

Turnip mosaic virus (TuMV) is an economically important virus infecting a broad range of 
arable and vegetable crops and many wild plant species. It is also of particular scientific interest as it 
has the broadest host range of any of the potyviruses, infects dicotyledonous and monocotyledonous 
plants, is transmitted by many (>89) aphid species and is the best adapted potyvirus to Arabidopsis. 
For these reasons it has been particularly well studied from many angles and is being exploited for 
biotechnological purposes. This review aims to consolidate the most recent advances in research on 
TuMV and will form the basis of an updated version on the Association of Applied Biologists (AAB) 
Description of Plant Viruses for TuMV.  
 
 
1 | Introduction 
 

A good description of turnip mosaic virus (TuMV) was written by John Tomlinson (1970), 
followed by an excellent comprehensive review by Vern Shattuck (1992) and then a further review 
by Walsh & Jenner (2002). It is now timely to catch up on more recent research advances and prepare 
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updated information to augment the online AAB Description of Plant Viruses on TuMV, which is 
now 51 years old.    
Some consider TuMV to be the model potyvirus, a mantle probably thrust upon it because it is the 
potyvirus best adapted to Arabidopsis thaliana (hereafter known as Arabidopsis) and has featured in 
many of the groundbreaking discoveries on potyviruses. Others argue that TuMV is unique amongst 
the potyviruses for a number of reasons. It has the broadest host range of any of the viruses in the 
genus Potyvirus, infecting many domesticated and wild plant species (Edwardson & Christie, 1991), 
both dicotyledonous and monocotyledonous. The wide host range is particularly unique in that it is 
not just the number of different plant species it infects, but the very wide range of diverse plant 
families these plants belong to. Although the different plant species TuMV infects are predominantly 
dicotyledonous, in terms of its phylogeny, it is more closely related to potyviruses that infect 
monocotyledonous plants than those that infect dicots. It has been shown to be transmitted by >89 
different aphid species (Edwardson & Christie, 1986) in a non-persistent manner. TuMV has been 
reported as being seed-borne in some hosts, but this has not been confirmed (Gibbs et al., 2020), 
except in Arabidopsis (Cobos et al., 2019). 
TuMV was first reported in Brassica rapa in the USA in 1921 (Gardner & Kendrick, 1921; Schultz, 
1921).  It is one of the best studied plant RNA viruses, in terms of its evolution and epidemiology 
(Kawakubo et al., 2021).  It is thought it originated from a virus of wild orchids in the Mediterranean 
region or Middle East approximately 1,000 years ago and spread via Southern Europe to Asia Minor, 
whilst adapting to wild and domesticated brassicas (Nguyen et al., 2013b; Yasaka et al., 2017). In 
many Asian countries, TuMV is rated as the most important virus infecting brassicas (Yoon et al., 
1993). It was ranked second only to cucumber mosaic virus as the most important virus infecting 
field-grown vegetables in a survey of 28 countries and regions (Tomlinson, 1987).   
TuMV has flexuous filamentous particles 135 Å wide with a modal length of 720 nm, containing a 
single copy of a single-stranded positive-sense RNA (+ssRNA) genome.  The virus has world-wide 
distribution, including temperate and tropical regions of Africa, Asia, Oceania, Europe and North and 
South America (Provvidenti, 1996).  It is also readily sap-transmitted, mechanically, as well as being 
pathogenic on the model plant species Arabidopsis, making it an ideal system for studying plant-virus 
interactions. 
 
2 | Main diseases 
 

Disease symptoms associated with TuMV infection depend upon the TuMV strain, host plant 
and environmental conditions.  Symptoms are diverse but often include vein clearing, chlorotic 
mottling, leaf distortion (Figure 1A), mosaic (Figure 1B), necrosis (Figure 1C), plant stunting and 
plant death (Figure 1D) (Tomlinson, 1987; Edwardson & Christie, 1991; Walsh & Jenner, 2002; 
Kawakubo et al., 2021).  Mottling, black necrotic spots (Figure 1E) and ringspots are associated with 
infection in cabbage (Hunter et al., 2002), cauliflower and Brussels sprout (Figure 1F).  Mosaic with 
leaf distortion and stunting are associated with infection in turnip, swede, radish, oilseed rape (Walsh 
& Tomlinson, 1985), mustard, Chinese cabbage, watercress and horseradish.  In rhubarb, mottles and 
ringspots are typically associated with infection.  In lettuce, small light green, circular and irregular 
lesions on leaves which develop into veinal chlorosis and distortion of the leaf blade are common.  
Flower-break symptoms (Figure 1G) are typical of TuMV infection in wallflower, stock, Zinnia, 
Tropaeolum, Petunia and Anemone. 
 



 
 

3 | Geographical distribution 
 

TuMV was first described in 1921 in the USA in B. rapa (Gardner & Kendrick, 1921; Schultz, 
1921) and in the UK in Brassica oleracea (Smith, 1935), although the typical TuMV flower-breaking 
symptoms of annual stock (Matthiola incana R. Br) were known as early as 1862 in France 
(Tompkins, 1939).  The virus is endemic in temperate and tropical regions and has a very wide 
geographical distribution in the world (Provvidenti, 1996; Ohshima et al., 2002; Tomimura et al., 
2004; Korkmaz et al., 2007, 2008; Farzadfar et al., 2009; Tomitaka et al., 2006, 2007; Nguyen et al., 
2013a; Yasaka et al., 2017; Shevchenko et al., 2018; Kawakubo et al., 2021).  The centre of 
emergence is thought to be located in Mediterranean and Middle East countries (Yasaka et al., 2017).  
TuMV then spread to other countries after, or during the development of agriculture around 700 years 
ago (Kawakubo et al., 2021). 
 
 
4 | Host range, symptomatology and economic importance  
 

TuMV has the widest host range of any of the potyviruses, which includes at least 318 species 
in 156 genera, from 43 plant families (Edwardson & Christie, 1991; Ohshima et al., 2002; Yasaka et 
al., 2017; Kawakubo et al., 2021).  Most notably this includes the family Brassicaceae, which 
includes agriculturally important Brassica crops, perennial weed species, as well as the model plant 
species Arabidopsis.  It also infects monocotyledonous plants. TuMV probably first acquired the 
pathogenicity on Allium plants and then on wild Brassica plants.  It is thought TuMV then became 
pathogenic to domestic Brassica and Raphanus (radish) crops (Kawakubo et al., 2021).  
Many Brassica- and Raphanus-infecting isolates seem to be distinct in terms of their phylogeny and 
host range.   A recent study of two representative isolates of the Brassica-infecting (UK 1) and 
Raphanus-infecting (JPN 1) groups revealed they induce significant differential responses in a major 
developmental trait, flower stalk elongation in Arabidopsis (Sánchez et al., 2015).  Amino acid (aa) 
279 in the C-terminal region of the P3 protein was identified as being the main determinant affecting 
stalk development (López-González et al., 2020).  Infection by UK 1 resulted in a non-elongated 
stalk, whereas infection by isolate JPN 1 resulted in elongation (Figure 1).  The single amino acid 
change also resulted in the different sub-cellular localisation of P3 and different types of cell wall 
alterations depending on virus strain (López-González et al., 2020). Subsequent research using 
macroscopic and histochemical methods showed that infection with either virus significantly 
narrowed stem area, but defects in secondary cell wall were only found in JPN 1 infections (Lopez-
González et al., 2021). In flowers, reduced endothecium lignification was also found for JPN 1, whilst 
UK 1 induced severe floral cell and organ development alterations. Transcriptomic analysis of genes 
controlling and regulating secondary cell wall formation also showed notable differences between 
both viral isolates. UK 1 infections induced a general transcriptional decrease of most regulatory 
genes, whereas a more complex pattern of alterations was found in JPN 1 infections. Jenner et al. 
(2003) also demonstrated that the C-terminal half of the P3 protein of TuMV conditions the severity 
of symptoms seen in Brassica juncea.     
In an extensive survey of virus diseases in 28 countries and regions, TuMV was ranked second only 
to cucumber mosaic virus as the most important virus infecting field-grown vegetables (Tomlinson, 
1987).   
 



 
 

5 | Strains  
 

Several systems have been established for pathotyping TuMV isolates into unique groups 
based on host range and symptoms produced on Brassica indicator plants.  One is based on 
interactions with Chinese cabbage (B. rapa) and defines pathotypes C1-C6 (Provvidenti, 1980; Green 
& Deng, 1985; Stobbs & Shattuck, 1989). A second describes pathotypes Tu1-Tu7 based on symptom 
types and disease severity indexes on a range of brassica species (Liu et al., 1990).  The most 
comprehensive system used four Brassica napus differentials, described 12 distinct pathotypes, 
incorporated a greater number of TuMV isolates from around the world (Walsh, 1989; Jenner & 
Walsh, 1996) and characterised the resistance genes in the differentials, as well as the viral 
determinants of pathogenicity (Walsh & Jenner, 2002).   
Further host specificity studies grouped isolates into four host types (Ohshima et al., 2002; Nguyen 
et al., 2013b).  Isolates that do not infect Raphanus plants and sporadically infect Brassica plants 
(often latently) belong to host type ‘(B)’.  Isolates that do not infect Raphanus plants but are able to 
infect most Brassica species, resulting in systemic mosaic symptoms belong to host type ‘B’.  Isolates 
that infect most Brassica species and cause systemic mosaic symptoms but only occasionally infect 
Raphanus plants latently belong to host type ‘B(R)’.  Isolates that can cause systemic mosaic 
symptoms in both Brassica and Raphanus plants belong to host type ‘BR’.  These four host range 
types are harmonious with the original four phylogenetic lineages described, ‘Basal-B’ (found in both 
Brassica and non-Brassica hosts in Southwest and Central Eurasia and had the most sequence 
variation), ‘Basal-BR’ (from Eurasia and showed a similar level of sequence variability), ‘Asian-BR’ 
(found in Brassica species and mostly Raphanus in East Asia, mostly Japan and showed the least 
sequence variation) and ‘World-B’ (found in Brassica species from all over the world, linking their 
differences in pathogenicity and geographical origin) (Ohshima et al., 2002; Tomimura et al., 2003).  
Subsequent phylogenetic groups have been identified, a sister lineage of orchid-infecting related 
viruses, the ‘Orchis’ group, from Germany, Europe is thought to be the closest extant relative of 
modern Brassica-infecting TuMV isolates (Nguyen et al., 2013b; Kawakubo et al. 2021).  A sixth 
phylogenetic group was also identified, the ‘Iranian’ group (Yasaka et al., 2017).  
There is little association between phylogenetic groupings and pathotypes, although some isolates 
with common phylogenetic groupings share the same pathotype, particularly if they came from the 
same country (Palukaitis & Kim, 2021). 
 
6 | Transmission by vectors 
 

TuMV is primarily spread by aphids, with 40–50 species reported to transmit, notably the 
generalist aphid Myzus persicae (Sulzer, 1776) and the specialist aphid Brevicoryne brassicae 
(Linnaeus, 1758), with all instars able to transmit (Kennedy et al., 1962). It can be acquired in less 
than 1 min and transmitted in less than 1 min (Sylvester, 1953). There is no latent period and it is 
retained by some feeding vectors for less than 4 h (Sylvester, 1954). Other species have been reported 
to retain the ability to transmit TuMV for 14–16 h (Evertsen, 1974) and aphids have been shown to 
remain viruliferous for 6 days when kept at -1°C (Hienze, 1959).  In warmer parts of the world and 
particularly Asia, the specialist aphid Lipaphis erysimi (Kaltenbach, 1843) is an important vector. 
Since then, it has been reported that 89 species of aphids have been identified as vectors of TuMV 
(Edwardson & Christie, 1986).   



 
 

It is possible that flea beetles (Phyllotreta spp.) (Carden & Gladders, 1984) and thrip species such as 
the cabbage thrip (Thrips angusticeps) (Tompkins, 1939) can also transmit the virus.    
 
7 | Transmission through seed 
 

Seed transmission appears to be host and isolate dependent.  TuMV isolate I2 is stated to be 
transmitted thorough brassica seed at a frequency of up to 40% (Zubareva et al., 2013), although it is 
not clear in which plants the virus was seed transmitted as a number of spring oilseed rape varieties 
(B. napus), Indian mustard (B. juncea) and B. rapa accessions were included in the experiment.  The 
40% seed transmission might relate to spring oilseed rape, but the paper only describes detection of 
TuMV in 40% of seed embryos in these plants.  Attempts to demonstrate seed transmission of TuMV 
in six different species of weeds were negative (Tomlinson & Walker, 1973). 
Raphanus-infecting (JPN 1) TuMV in Arabidopsis has been demonstrated (Cobos et al., 2019). The 
percentage of seeds per plant giving rise to infected plants varied between the 18 Arabidopsis 
accessions tested (0 – 3.31% ±0.08 and 0 – 3.78% ±0.18 for TuMV UK 1 and JPN 1, respectively) 
and there was no seed transmission detected for some accessions. It was found that the best predictors 
of percent seed transmission were the within-host speed of TuMV movement and multiplication in 
the inflorescence. Experiments on the effect of light intensity on seed transmission of TuMV in 
Arabidopsis indicated that higher light intensity increased TuMV multiplication and/or plant 
tolerance and this was associated with more efficient seed transmission (Montes & Pagan, 2019).  
  
9 | Serology 
 

Tomlinson (1970) reported antisera with titres of 1/512 were prepared by Shepherd & Pound 
(1960) and Tomlinson & Walkey (1967) using purified virus isolates obtained from cabbage and 
rhubarb, respectively. More recently, a panel of 30 monoclonal antibodies have been produced against 
four different TuMV isolates (Jenner et al., 1999). When screened against 41 TuMV isolates with 
different host and geographical origins and of different pathotypes, they recognised 16–17 TuMV 
epitopes not present in the four other potyvirus species tested and two further potyvirus epitopes. All 
but one of the 41 TuMV isolates (TuMV UZB 1) were grouped in to three serotypes. There was no 
correlation between serotypes and pathotypes. There are a number of commercially available TuMV 
antisera and ELISA kits, the most thoroughly evaluated is based on the monoclonal antibody EMA67 
(Jenner et al., 1999).   
  
 
10 | Genetic relationships and phylogeny 

TuMV is a member of a clearly defined lineage of potyviruses, called the TuMV phylogenetic 
group (Kawakubo et al., 2021). There are more than 11 major phylogenetic groups, including the 
TuMV group, in the potyvirus phylogeny (Gibbs & Ohshima, 2010; Gibbs et al., 2020). Some sweet 
potato potyviruses are the more closely related potyviruses to the TuMV group (Ohshima et al., 2018), 
however, there is not enough sequence information of the members of the other potyvirus 
phylogenetic groups to determine which groups are most closely related to the TuMV group within 
the genus. The TuMV phylogenetic group consists of Japanese yam mosaic virus, narcissus late 
season yellows virus, narcissus yellow stripe virus, scallion mosaic virus, wild onion symptomless 
virus and TuMV (Gibbs & Ohshima, 2010; Ohshima et al., 2018).  Apart from TuMV, all the species 



 
 

in the TuMV phylogenetic group have been isolated from monocotyledonous plants.  TuMV also has 
a lineage of OM isolates (Orchis group) from monocotyledonous wild orchid (Nguyen et al., 2013b), 
these are biologically and phylogenetically distinct from Brassica-infecting isolates (Figure 3). The 
other major TuMV phylogenetic groups are basal-B (Brassica), Iranian, basal-BR 
(Brassica/Raphanus), Asian-BR, and world-B groups (Figure 3). The basal-B group is further split 
into basal-B1 and B2 subgroups, the Iranian group is split into the Iranian 1 and Iranian 2 subgroups 
and the world-B group is split into the world-B1, B2 and B3 subgroups (Yasaka et al., 2015, 2017; 
Kawakubo et al., 2021).  
 
11 | Genome structure and properties 
 

The TuMV genome (UK 1 isolate) has a +ssRNA molecule 9,830-9833 nucleotides in length 
(Sánchez et al., 1998).  The polyprotein-coding regions of most of isolates is 9,492 nucleotides 
(Kawakubo et al., 2021).  The nucleotide sequence identities between the genomes of TuMV isolates 
are >76 %.  The 5’-terminus of genomic RNA is capped with a single covalently attached molecule 
of the genome-linked viral protein (VPg).  The 3’-terminus consists of a polyA tail of variable length, 
as for all potyviruses.  The regions encode the protein 1 (P1), helper-component proteinase protein 
(HC-Pro), protein 3 (P3), pretty interesting Potyviridae ORF (PIPO), 6 kDa 1 protein, cylindrical 
inclusion (CI) protein, 6 kDa 2 protein, VPg, nuclear inclusion a-proteinase protein (NIa-Pro), nuclear 
inclusion b protein (NIb) and coat protein (CP), with respective lengths of 1,086, 1374, 1065, 177, 
156, 1,932–1,935, 159, 573–576, 729, 1,551 and 864–867 nucleotides (Figure 5).  Viral genomes 
have the same structural organization as other potyviruses.  All the motifs reported for different 
potyvirus-encoded proteins have been found. 
Approximately 600 complete or nearly complete genome sequences are available for TuMV isolates 
from GenBank (Aug. 2021), and 80% of the isolates are identified as recombinants (Tan et al., 2004; 
Ohshima et al., 2007; Kawakubo et al., 2021).  The polyprotein-coding sequences of the remaining 
non-recombinants were used to construct a maximum likelihood phylogenetic tree (Figure 3), which 
partitioned most of the sequences into the six major phylogenetic groups described above. 
 
 
12 | Particle structure  
 

The atomic structure of the virions has been resolved by cryoelectron microscopy with a 
resolution of 5 Å (Cuesta et al., 2019), although the spatial position of the first 65 and the last 16 aa 
of each CP in the particle has not been modelled due to technical reasons. The structure of empty 
virus-like particles (eVLPs) has also been resolved. Virions are non-membranous, elongated and 
flexuous, 135 Å wide and have a modal length of 720 nm (Figure 4). They display a left-handed 
helical arrangement of over 2,000 copies of the CP, which enclose a single +ssRNA molecule. 
Regions of the filaments stretch and shrink with an amplitude of around 2 Å per turn. The wall of the 
flexuous tube is made by the core domains of the capsomers, the central regions of the CPs. In the 
boundary between CP subunits there is a network of protein-RNA and protein-protein interactions 
that supports the proper orientation of the flexible N-terminal arm. The participation of flexible N- 
and C-terminal arms in the interaction between CP subunits is the structural basis for the flexible 
nature of the virions. The N-terminal domain of each capsomer is projected towards the exterior of 
the tube, whereas the C-terminal domain is internally aligned with the vertical axis (Figure 6). The 



 
 

N-terminal arm of each TuMV CP interacts with another two subunits. After a 90° turn, the N-
terminal arm reaches another subunit in the next turn of the helix. The ssRNA resides in a groove at 
the folded central domain, just next to the last helix. By analogy with studies with potato potyviruses 
(Torrance et al., 2005), the two ends of the flexuous particle are not identical. One of them holds the 
5’ end of the viral RNA, which is covalently linked to a viral protein, the VPg. This tip presents a 
protruding structure, probably associated with the VPg and possibly also the HC-Pro. 
 
 
13 | Particle composition 
TuMV virions are made up of proteins, RNA and, possibly, sugars and phosphates incorporated as 
post-translational modifications. No lipids are found in the particles. 
RNA 
A single positive-sense molecule of 9,830, or 9,833 nucleotides, excluding the poly(A) tail is 
contained within the particle (Nicolas & Laliberté, 1992; Ohshima et al., 1996; Sánchez et al., 1998; 
Sánchez et al., 2015; Jenner et al., 2000). 
 
13.1 | Proteins 

The most abundant protein in the particles is the CP. The exact number of CPs in the particle 
has not been determined, but an estimate of over 2,000 is widely accepted. Each TuMV CP contains 
288 aa. In addition to the CP, particles contain a much lower number of other proteins. The VPg is a 
viral protein covalently linked to the 5’ end of the RNA, thus only one copy of this protein is present 
per particle. In other potyviruses, another protein reported to be associated with the particle is HC-
Pro, although its exact position and link to the particle are not precisely defined (Roudet-Tavert et al., 
2002; Torrance et al., 2005). It is thus likely that TuMV particles are also linked to HC-Pro in some 
way. 
 
13.2 | Post-translational modifications of the CP 

Other potyviruses have been reported to go through post-translational modifications of the 
CP, including O-GlcNAcylation and phosphorylation (Martínez-Turiño et al., 2018). Such studies 
have not been carried out on TuMV, but it is likely that similar modifications also take place. 
 
14 | Biotechnology 
 

TuMV has been, and continues to be, widely exploited as a biotechnological tool. Based on 
the initial construction of infectious clones from isolate UK 1 of the virus (Sánchez et al., 1998), viral 
vectors were derived.  These are able to drive the production of foreign proteins in plants, upon 
infection with recombinant constructs (Beauchemin et al., 2005; Touriño et al., 2008). More recently, 
viral particles have been used for nanobiotechnological applications, both in the form of full virions 
and eVLPs. Antibody sensing was one of the first shown applications, after the genetic fusion of DNA 
stretches encoding peptides of different origins, displayed on the particle external surface (Sánchez 
et al., 2013; González-Gamboa et al., 2017). The increased antibody sensing ability was applied to 
the sensitive detection of autoantibodies (Yuste-Calvo et al., 2019b). Nanonets immobilizing 
industrial enzymes were formed with covalently intertwined viral particles and enzyme molecules 
(Cuenca et al., 2016). Chemical modifications of particle external surfaces have also proved to be an 
efficient approach for certain applications, alone or in combination with genetic fusions (Yuste-Calvo 



 
 

et al., 2019a). Antimicrobial properties of particles conjugated to natural polyphenols have been 
shown (Velázquez et al., 2020). Unmodified TuMV particles are also biotechnologically useful in 
mammalian tissue biofabrication (Frías-Sánchez et al., 2021). 
 
 
15 | Relations with cells and tissues 
 

The relationships established by TuMV with cells and tissues are typical ones of (+)RNA 
viruses. Although all aspects of them are inter-related, for clarity they are presented in four major 
biological processes. 
 
15.1 | Translation  

The viral genomic RNA is a messenger RNA encoding a large polyprotein, from which the 
final functional proteins are auto-proteolytically released (Revers & García, 2015). A second 
mechanism involving polymerase slippage is responsible for the production of a mRNA encoding an 
additional fusion protein, PIPO (Chung et al., 2008). The VPg protein covalently linked to the 5’-end 
of the viral RNA is involved in interacting with eukaryotic initiation factors for translation initiation 
(Witmann et al., 1997). Depending on the infected host, the virus is restricted to use only one of the 
eIF4E or eIF(iso)4E alleles, or can use more than one (Jenner et al., 2010).  
 
15.2 | Replication 

TuMV replication occurs in association with membranous structures derived from the cellular 
endomembrane system, which evolves in shape and composition over time (Laliberté & Zheng, 2014; 
Jin et al., 2018). The viral protein 6K2 is responsible for the membrane proliferation taking place 
soon after TuMV cell infection (Grangeon et al., 2012). It has also been shown to activate alternative 
transcription pathways that result in the repression of local and systemic TuMV infection (Gayral et 
al., 2020). Other proteins, both viral and cellular are attracted to these viral replication structures to 
complete the replication process (Li et al., 2016; Mohaved et al., 2019; Thivierge et al., 2008; Wu et 
al., 2020), although a thorough understanding of the components of the replication complexes is still 
far off. New viral RNA progeny are encapsidated and mostly accumulated in vacuoles (Wan et al., 
2015).  
 
15.3 | Intra- and inter-cellular movement 

To expand infection from the initially infected cells, TuMV goes through movement 
processes, both intra-and inter-cellularly. None of these processes is defined in detail yet and probably 
more than one mechanism operates simultaneously, with differences between viral strains. The 
membranous 6K2-containing replication complexes tend to accumulate perinuclearly, they then move 
intracellularly towards the cell periphery by a process with high similarity to organelle cytoplasmic 
streaming (López-González et al., 2020). Several viral proteins participate in this complex process, 
one of which, the CI protein (Figure 7), ends up forming the so-called inclusion bodies, traditionally 
recognized as hallmarks of potyvirus-infected cells (Mohaved et al., 2017). The viral entity inter-
cellularly movement still needs further clarification, as do the mechanism(s) exploited for it. Cell 
plasmodesmata are modified to serve as places for symplasmic movement, possibly for virions or 
ribonucleoprotein complexes (Wang, 2021), but evidence is available of the presence of viral vesicles 
in extracellular space (Mohaved et al., 2019), suggestive of some form of apoplastic movement. 



 
 

 
15.4 | Systemic movement 

TuMV moves systemically through vascular tissues. Viral replication complexes have been 
found both in phloem sieve elements and in xylem vessels, strongly indicating that the complexes 
themselves are viral systemic mobile elements, and that both types of vascular tissues are used by the 
virus (Wan et al., 2015). Photosynthetic sink parts of the infected plant are the first ones to be reached, 
especially roots. However, systemic virus accumulation follows generally sinusoidal patterns, 
strongly influenced by plant development, in particular by the period of inflorescence bud formation, 
during which no increased virus accumulation occurs in systemically invaded leaves, and viral 
content in the roots is practically negligible (Lunello et al., 2007). 
 
16 | Ecology, evolution and control 
 
16.1 | Ecology 

The ecology of TuMV in wild populations of perennial Brassica species in the UK has been 
studied (Raybould et al. 2003). Factors associated with variation in TuMV incidence in wild cabbage 
(B. oleracea) populations on the south coast of the U.K. (Figure 8), in Dorset included associations 
with three other viruses. There was a positive association with the aphid-transmitted viruses, 
cauliflower mosaic virus (CaMV) and turnip yellows virus, but a negative association with the beetle-
transmitted turnip yellow mosaic virus (TYMV). There was no tendency for higher TuMV incidence 
in older plants than in younger plants. The overall incidence was 43% and infected plants were 
distributed randomly or were very weakly aggregated within populations (Raybould et al., 1999). 
There was some evidence for TuMV causing mortality in wild B. oleracea plants and reducing seed 
production (Maskell et al., 1999). There was a predominance of TuMV isolates belonging to the 
pathotype 1 described by Jenner & Walsh (1996) in the wild cabbage. Their CP gene sequences were 
very similar (the lowest similarity recorded was 97%), amino acid similarities were even higher and 
several isolates had identical CP sequences to the type pathotype 1 isolate UK 1, recovered from 
cultivated brassicas 250 km from the Dorset sites, 25 years earlier.   
The incidence of TuMV detected in wild annual Brassica nigra plants in Dorset was very low (0–
4%) with only five infected plants detected from the 597 sampled (Thurston et al., 2001). Glasshouse 
experiments revealed that most seedlings from several different wild B. nigra populations died 
following mechanical inoculation and aphid transmission using a TuMV isolate from a wild B. 
oleracea plant growing in Dorset.  
No TuMV was detected in 2,144 wild annual B. rapa ssp. sylvestris plants sampled from riverbanks 
in Oxfordshire and Somerset in the south of the U.K. (Pallett et al., 2002). Glasshouse experiments 
showed that ~80% of wild B. rapa plants died following mechanical inoculation with a TuMV isolate 
from Dorset. Although a TuMV isolate from Conwy, UK caused severe symptoms in wild B. rapa 
following mechanical inoculation, it did not kill the plants.     
A study of wild populations of the perennial Arabidopsis helleri and Rorripa indica in Japan detected 
TuMV incidences of 0%, 24% and 57% in three A. helleri populations and 0%, 0% and 4% in three 
R. indica populations (Kamitani et al., 2019). A 92% clonal transmission rate from mother to daughter 
rosettes was recorded in A. halleri.  The infections of A. helleri did not cause severe plant damage 
and virus dynamics and virus-host interactions were highly season-dependent (Honjo et al., 2020). A 
study of TuMV in annual wild A. thaliana populations in Spain revealed only marginal differences 
in incidences over a four-year period (Pagan et al., 2010). Out of the plants infected by TuMV, 69.2% 



 
 

were also infected by at least one other virus (cucumber mosaic virus, CMV, turnip crinkle virus 
(TCV) and TYMV), with significant associations with CMV and TCV. There was no relationship 
between virus incidence and plant density or plant population size.   
A survey of weed hosts in Iran revealed 64% of samples were infected by TuMV, with the highest 
incidences detected in Rapistrum rugosum and Sisymberium loeselii (Farzadfar et al., 2009).   
The effects of TuMV isolates belonging to different phylogenetic groups on the population growth 
of aphid vectors on turnip plants showed that following infection with either of two isolates 
representing different phylogenetic groups (world-B and basal-BR), the population growth of a 
generalist aphid, M. persicae, was not significantly different between non-infected and TuMV-
infected treatments (Adachi et al., 2018). The population growth of a specialist aphid, L. erysimi, was 
higher in TuMV-infected plants than non-infected ones indicating that mutualism occurs between L. 
erysimi and TuMV. 
 
16.2 | Evolution 

The current understanding is that the centre of emergence of TuMV appears to have been in 
the Mediterranean region and the Middle East. It then spread via Southern Europe to Asia Minor 
approximately 700 years ago, whilst adapting to wild and domesticated brassicas and then radish 
(Raphanus sativus) (Yasaka et al., 2017; Kawakubo et al., 2021).  Phylogeographic analysis shows 
that the migration pathways of TuMV retraced some of the major historical trade arteries in Eurasia 
including the Silk Road (Kawakubo et al., 2021).  
Monocotyledonous Allium plants seem to be one of the intermediate hosts of Orchis and Brassica-
infecting TuMV isolates. Therefore, TuMV probably first acquired pathogenicity for Allium plants 
and subsequently for wild and domesticated Brassica plants and then of Raphanus plants. 
Passaging a TuMV isolate originating from brassica in a brassica host, or an almost unsusceptible 
radish host for up to 35 times showed that the nucleotide diversity and the non-
synonymous/synonymous ratio were higher in radish than brassica (Tan et al., 2005; Ohshima et al. 
2010; Gibbs et al., 2015). The mutation rate of TuMV has been estimated in vivo (Iglesia et al., 2012).  
Serial passage of two TuMV isolates in a range of less tolerant and more tolerant Arabidopsis 
ecotypes indicated that a higher proportion of tolerant genotypes in the host plant population 
promoted virus multiplication and reduced the effect of infection on plant mortality, but not on plant 
fecundity (Montes et al., 2021). Conversely, a lower proportion of tolerant plant genotypes reduced 
virus multiplication, boosting plant resistance. A fitness cost for TuMV overcoming a dominant 
resistance gene in brassica (TuRB01) has been demonstrated (Jenner et al., 2002).  
 
16.3 | Control 

The control of TuMV in crops has been reviewed by Shattuck (1992). Since then, a number 
of new sources of natural plant resistance genes have been identified, most notably the recessive 
broad-spectrum resistance in B. rapa (Nellist et al., 2014). In future it may be possible to engineer 
such recessive resistance in TuMV-susceptible crop types by knocking out susceptibility factors, 
particularly eIF4E and eIF(iso)4E through precise gene editing techniques such as CRISPR/Cas or 
more random methods such as TILLING. The former has already been used to engineer resistance to 
TuMV in Arabidopsis (Pyott et al., 2016). 
Since Shattuck (1992), many new insecticides have been released, however, some of those more 
effective in killing aphids, for example the neonicitinoids have been banned on most crops in Europe 
(The European Commission, 2013). Despite recent experiments on the efficacy of nine ‘novel’ 



 
 

insecticides against the green peach aphid, M. persicae, none resulted in significant reductions in rates 
of transmission of TuMV (Samara et al., 2021).  

A number of new approaches to control TuMV have been published including the Genetic 
Modification (GM) approach of coat protein-mediated resistance (Lehmann et al., 2003). Other GM 
approaches in brassicas have been reviewed by Palukaitis & Kim (2021). An alternative GM approach 
involving modifying proteins that cleave resistance proteins and overexpressing them in plants has 
provided resistance to TuMV (Pottinger et al., 2020).    
 
17 | Plant resistance 
 

Resistance to TuMV has been mapped in lettuce (Lactuca sativa), stocks (Matthiola spp.), 
multiple Brassica spp., radish and Arabidopsis.  Most described resistances to TuMV are dominant.  
The first resistance gene to be mapped was the dominant Tu gene in lettuce (Zink & Duffus, 1970; 
Robbins et al., 1994).  To date Tu has not been isolated or characterised (Palukaitis & Kim, 2021).  
In stocks, the recessive gene rm confers resistance to TuMV (Johnson & Barnhart, 1956). 
In B. napus (AACC genome), six dominant strain-specific resistances have been described, most of 
them on the A genome.  The first to be mapped was TuMV RESISTANCE IN BRASSICA 01 (TuRB01), 
on the A genome and providing extreme (no virus detected or symptoms visible) resistance to 
pathotype 1 isolates (Figure 9) (Walsh et al., 1999).  The CI protein was identified to be the avirulence 
factor for TuRB01 (Jenner et al., 2000).  TuRB02 provides quantitative resistance in a strain-specific 
manner to two Asian pathotype 1 isolates, the dominant quantitative trait locus (QTL) was mapped 
in the C genome of B. napus (Walsh et al., 1999) and is the only gene mapped in the C genome.  
TuRB03 was mapped on the A genome of B. napus and provides an extreme resistance to some 
pathotype 3 and some pathotype 4 isolates (Hughes et al., 2003).  The P3 protein was identified as 
the avirulence gene to TuRB03 (Jenner et al., 2003).  The dominant genes TuRB04 and TuRB05 were 
also mapped to the A genome of B. napus and together they provide extreme resistance to isolates of 
pathotypes 1 and 3. The corresponding avirulence determinants were identified to be the P3 and CI 
proteins, respectively (Jenner et al., 2002). 
In B. rapa (AA genome), several dominant genes have been mapped.  TuRB01b provides extreme 
resistance to pathotype 1 isolates (Rusholme, 2000) and is thought to be identical to TuRB01 in the A 
genome of B. napus (Walsh et al., 2002).  BcTuR3, is a dominant gene displaying a hypersensitive 
response upon infection (Ma et al., 2010) and a classic resistance (R) gene, TIR-NLR (Toll-like, 
Interleukin-1 nucleotide-binding leucine-rich repeat receptor) is a candidate gene.  TuRBCH01 
(TuMV Resistance in Brassica rapa spp. chinensis 01), mapped in B. rapa spp. chinensis provides 
resistance to TuMV-C5 (Xinhua et al., 2011).  TuRB07 provides resistance to TuMV-C4 (Jin et al., 
2014).  TuMV-R provides resistance to TuMV-C4 and has four classic R-gene, CC–NLR (coiled-coil 
nucleotide-binding leucine-rich repeat receptor) genes and two pathogenesis-related-1 genes within 
the interval (Chung et al., 2014).  TuRBCS01 also provides resistance to TuMV-C4 (Li et al., 2015).  
Dominant TuMV resistance QTLs have also been identified in B. rapa.  Against TuMV-C4, four 
QTLs were mapped, Tu1 (58.2% variation explained) and Tu2 (14.7% variation explained) were 
mapped at the seedling stage and Tu3 (48.5% variation explained) and Tu4 (32% variation explained) 
were mapped at the adult stage for field resistance (Zhang et al., 2008b).  Against TuMV-C3, TuR1 
and TuR2 (29.05% and 16.75% variation explained, respectively) and TuR3 and TuR4 (8.35% and 
6.25% variation explained, respectively) were mapped (Zhang et al., 2008a).  Three further QTL were 
identified from double haploid (DH) lines inoculated with TuMV-C4, Tu1 (10.5% variation 



 
 

explained), Tu2 (21.9% variation explained) and Tu3 (14.5% variation explained) (Zhang et al., 
2009).  A combination of three resistance genes and the CI gene of TuMV UK 1 (pathotype 1) were 
shown to differentially regulate symptom expression in B. rapa var. pekinensis;  Rnt1-1 (Resistance 
and necrosis to TuMV 1-1) is allelic or closely linked to the recessive gene rnt1-2 and rnt1-2 is 
incompletely recessive to rnt1-3 (Fujiwara et al., 2011). 
Recessive broad-spectrum resistance has also been identified in B. rapa. retr01 (recessive TuMV 
resistance 01) was mapped epistatic to a dominant gene, ConTR01 (Conditional TuMV resistance 01) 
in a cross between B. rapa var. pekinensis and B. rapa spp. trilocularis (Rusholme et al., 2007).  Both 
retr01 and ConTR01 were identified as different copies of the isoform of eukaryotic translation 
initiation factor 4E, BraA.eIF(iso)4E.a and BraA.eIF(iso)4E.c, respectively (Nellist et al., 2014).  The 
mis-splicing of BraA.eIF(iso)4E.a was identified as the novel mechanism of retr01 resistance (Nellist 
et al., 2014).  It was also determined that ConTR01 is only required in the B. rapa spp. trilocularis 
background and not in B. rapa var. pekinensis background, where only retr01 is required to provide 
resistance (Nellist et al., 2014).  Another single recessive gene, retr02, was mapped in another B. 
rapa var. pekinensis background (Qian et al., 2013).  retr02 mapped to the same locus as retr01, had 
the same mechanism of resistance and was subsequently identified as retr01 (Nellist et al., 2014).  
Further broad-spectrum recessive resistance has been identified in B. rapa spp. pekinensis, trs (TuMV 
resistance discovered at Seoul National University), which maybe a gene tightly linked to retr01 or 
another allele (Kim et al., 2013). 
In B. juncea (AABB genome) TuRBJU01 (TuMV Resistance in B. juncea 01), which produces a 
systemic hypersensitive response to TuMV infection was mapped to the A genome (Nyalugwe et al., 
2016).  Recessive resistance has also been identified in the A genome of B. juncea, retr03, which was 
identified as a new resistance mechanism and an allele of the eukaryotic translation initiation factor 
2B-beta (eIF2Bβ) (Shopan et al., 2017). Two further sources of recessive resistance have been 
identified in B. juncea, both involving two recessive genes (Wang, 2016).    
Much less is known about resistance to TuMV in the other brassicas; Brassica carinata (BBCC 
genome), Brassica nigra (BB genome) and B. oleracea (CC genome). TuRB02 is the only TuMV 
resistance gene/QTL mapped in B. oleracea (Walsh et al., 1999), however other resistances have been 
identified in this species (Walkey & Neely 1980; Pink et al., 1986; Guerret et al., 2017).  Resistance 
has also been identified in Ethiopian mustard (B. carinata) (Kehoe et al., 2010). No resistance has 
been identified in B. nigra, despite the analysis of five accessions (Kehoe et al., 2010) and 27 
accessions (Wang, 2016). 
Resistance to TuMV in radish, in comparison to Brassica spp. is relatively understudied and very few 
studies have gone on to map the resistance genes (Palukaitis & Kim, 2021).  The first study to identify 
resistance used an artificially synthesised Raphanobrassica hybrid (2n = 36, RRCC genome) and 
identified resistance on the f chromosome from kale (B. oleracea; C genome) in a monosomic 
addition line (2n = 19) (Kaneko et al., 1996).  Two QTLs were identified in an F2 population using 
two radish inbred lines, one with a positive effect on resistance (7.3% variance explained) and one 
with a negative effect (11.3% variance explained) (Li, 2009).  Another study cloned two eIF genes 
(Rs.eIF4E and Rs.eIF(iso)4E) and suggested they might be involved in resistance to TuMV, as has 
been identified in B. rapa (Cheng, 2013).  A study of 30 radish genotypes linked genetic diversity 
and resistance to TuMV by generating target region amplification polymorphism (TRAP) markers 
based on resistance gene analog sequences to produce a cultivar identification diagram (Cheng et al., 
2013).  Analysis of the P3 protein of TuMV identified the C-terminal region as being a determinant 



 
 

for infection of radish, specifically relating amino acids 268, 279 and 280 with the capability to infect 
radish (Suehiro et al., 2004). 
Resistance to TuMV in Arabidopsis has been widely studied and provides a model for plant-potyvirus 
interactions.  The first dominant NLR R-gene cluster mapped for resistance to TuMV was TuMV 
necrosis inducer (TuNI) (Liu et al., 2015).  This was identified as a complex of three genes, with RGX 
being the primary determinant of resistance and RG2 and RG3 are involved in regulation of TuNI-
mediated necrosis (Liu et al., 2015).  Loss-of-susceptibility to potyviruses 1 (lsp1) gene providing 
resistance to TuMV and other potyviruses, was the first Arabidopsis recessive resistance gene to be 
characterised for any plant virus (Lellis et al., 2002; Duprat et al. 2002).  It was mapped to 
At.eIF(iso)4E, which had previously been shown to interact with the TuMV VPg in yeast 2-hybrid 
experiments (Wittmann et al., 1997).  Another study showed that eIF(iso)4G is indispensable for 
TuMV infection and that TuMV is able to use both At.eIF(iso)4G1 and At.eIF(iso)4G2, therefore 
disruptions are required in both for resistance to TuMV (Nicaise et al., 2007).  Another potential 
candidate for recessive resistance is PCaP1, a cation-binding protein that attaches to the plasma 
membrane.  In a knockout mutant (pcap1) TuMV was not able to move efficiently from cell to cell, 
however, it was able to replicate (Vijayapalani et al., 2012).  The recently identified P3N-PIPO 
protein was shown to interact with PCaP1.  Further candidate resistance genes have been identified 
from a genome-wide association study in 317 Arabidopsis accessions, where ten genomic regions 
were consistently identified over two years, these included RTM3 (Restricted TEV Movement 3), Dead 
box helicase 1, a Tim Barrel domain protein and the eukaryotic translation initiation factor eIF3b 
(Rubio et al., 2019).  These represent interesting candidates for further investigation in cultivated 
Brassica spp. and radish. 
Currently the best prospect for TuMV control are plants possessing the recessive, broad-spectrum, 
potentially durable resistance gene retr01. The resistance has been tested against a broad range of 
TuMV isolates of different pathotypes, serotypes and genotypes from around the world and is as yet, 
undefeated. Release of commercial plant varieties of the diploid B. rapa species are anticipated in 
2023 and attempts are being made to transfer retr01 to B. oleracea types via bridging species.   
 Plant resistance to TuMV has been reviewed by Shattuck (1992), Walsh & Jenner (2002), Li 
et al. (2019) and Palukaitis & Kim (2021). 
 
 
18 | Conclusions and future prospects 
 

TuMV has been extensively studied for the last 70 years. It has greatly contributed to our 
understanding of potyvirus-plant interactions, the structure and roles of the different potyviral 
proteins and also potyvirus replication, taxonomy, evolution and ecology. In addition to its economic 
importance, it will remain an important potyvirus species for fundamental virus research due to its 
ability to infect not only the model species Arabidopsis, but also many agriculturally and scientifically 
important monocotyledonous and dicotyledonous plant species. The many molecular and biological 
resources built up over the years will provide a fantastic pillar for future research. 
 
 
18 | HISTORICAL ASPECTS 
 
18.1 | Transmission by Dodder 



 
 

Cuscuta californica and C. campestris failed to transmit the virus from infected to healthy 
lettuce (Zink & Duffus, 1969). 
 
18.2 | Stability in Sap 

Properties in vitro differ between isolates but, in general, the thermal inactivation point is 
below 62°C, the dilution end point in sap is between 10-3 and 10-4 and infectivity is retained at 20°C 
for 3–4 days. Infective sap kept at 2°C retains infectivity for several months. 
 
18.3 | Purification  
Two methods were described in Tomlinson (1970): 
1. Shepherd & Pound (1960). Extract tissue in 0.5 M potassium phosphate buffer (pH 7.5) and filter. 
Add n-butanol to 8.0%. Clarify and sediment by differential centrifugation, resuspending pellets in 
0.02 M borate buffer (pH 7.5). The preparations can be further freed from residual host components 
by acidification to pH 5.3 and further differential centrifugation. 
2. Tomlinson (1964). Extract tissue at pH 7.5 in 0.5 M borate buffer containing 0.001 M NaEDTA 
and 0.1% thioglycollic acid. Add n-butanol to 8.5%. Centrifuge twice at low speed. Sediment by 
high-speed centrifugation and resuspend pellets in 0.05 M borate (pH 7.5). Do all steps at 0–4°C. 
Preparations made in phosphate buffer were less infective than those made in borate buffer 
(Tomlinson, 1963), probably because of virus aggregation as found by Shepherd & Pound (1960). 
Higher virus yields have been achieved based on more recent methods (Sánchez et al., 1998).  
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FIGURES 
 
 
 
FIGURE 1 Symptoms caused by turnip mosaic virus (TuMV) infection. A) Leaf distortion symptoms 
in Brassica rapa ssp. perviridis. B) Leaf mosaic symptoms in B. rapa ssp. perviridis. C) Severe 
necrosis symptoms in Brassica napus (oilseed rape/canola) caused by TuMV (right), uninoculated 
control plant (left). D) Plant death in B. napus (swede/rutabaga) growing in the field. E) Internal 
necrotic spot symptoms in Brassica oleracea (cabbage). F) Necrotic spots on B. oleracea (Brussels 
sprout) buttons, in the field. G) Flower-breaking symptoms in Erysimum sp. (wallflower). 
 
FIGURE 2  Differential effects on Arabidopsis thaliana (ecotype Col-0) flower stalk development 
induced by different turnip mosaic virus (TuMV) strains. (a) Buffer-inoculated control plant. (b) Plant 
inoculated with TuMV isolate JPN 1. (c) Plant inoculated with TuMV isolate UK 1. (Courtesy of 
Silvia López-González, CBGP. Reproduced from Sanchez & Ponz (2018) with kind permission of 
the Taylor and Francis Group). 
 
 
FIGURE 3 Maximum likelihood phylogenetic tree inferred from non-recombinant polyprotein 
sequences of turnip mosaic virus (TuMV). The major phylogenetic groups are; Orchis, basal-Brassica 
(B), Iranian, Asian-Brassica/Raphanus (BR), basal-BR, and world-B. Basal-B, Iranian, and world-B 
are divided further into basal-B1 and B2, Iranian 1 and 2, and world-B1, B2, and B3 subgroups, 
respectively. These groupings have been reported previously (Ohshima et al., 2002, Yasaka et al., 
2017; Kawakubo et al., 2021) and are likely to be comprehensive, given the worldwide sampling of 
the collections of TuMV isolates. The black dots at internal nodes indicate the bootstrap percentages 
are more than 70, based on 1,000 pseudoreplicates. 
 
FIGURE 4 Electron micrograph of turnip mosaic virus virions following negative staining. Courtesy 
of Colin Clay. 
 
FIGURE 5 Schematic representation of the turnip mosaic virus genome. 
 
FIGURE 6 The structure of turnip mosaic virus virions illustrating conjugation sites and the genetic 
fusion location. Courtesy of Dr Carmen Yuste-Calvo. 
 
FIGURE 7 Electron micrograph of turnip mosaic virus cytoplasmic inclusion (CI) bodies, seen in 
an ultrathin section of a brassica leaf. Courtesy of Colin Clay. 
 
FIGURE 8 A wild cabbage plant (Brassica oleracea), growing on the coast in Dorset, UK, infected 
by turnip mosaic virus.  
 
FIGURE 9 Brassica napus (oilseed rape) plants possessing the resistance gene TuRB01 (left) and 
lacking TuRB01 (right), following challenge with the pathotype 1, UK 1 isolate of turnip mosaic virus 
(TuMV).    
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