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Introduction

Transmission efficiency is a key trait for every pathogen as it ultimately determines fitness.
Plant viruses are not exceptions and evolved various ways to achieve transmission. The best
characterized is plant-to-plant horizontal transmission by direct contact, mechanical means
(lawn and farm equipment, grazing animals, etc.) or by vectors (arthropods, nematodes, fungi,
oomycetes, etc.). While very important for the epidemiology of most plant viruses, horizontal
transmission is far from being the only way for virus dispersal. Parent-to-offspring vertical
transmission through seeds has been known for a century [1], and for some plant viruses such
as persistent (also known as cryptic), viruses is the only way to infect new hosts [2]. However,
many aspects of the virus journey to reach the reproductive organs and its life within seeds
remain poorly understood. This knowledge gap can be perhaps attributed to a combination of
factors: Due to the low virus titer in the seed, detection is often difficult. Also, studies on seed
transmission require long-term experiments, which is frequently a limiting factor for research-
ers. Consequently, until recently, it was considered as a transmission mode of lesser relevance.
For instance, 35 years ago, only 100 plant viruses were described as seed-transmitted, normally
at very low rates [3]. This vision is currently changing. Methods for virus detection in seeds
and seedlings (virus detection in seeds does not necessarily entail transmission to the progeny,
as virus could be present in the testa/endosperm but not in the embryo) have been progres-
sively improved in specificity and sensitivity [4]. In parallel, the number of viruses described as
seed-transmitted increased 6-fold, with some reaching 100% of infected seeds [2,5]. Moreover,
it has been shown that vertically transmitted persistent viruses are predominant in wild plants,
and they are also common in crops [2]. By answering 5 basic questions about plant virus seed
transmission, here I aim to provide arguments supporting why we should care about this
mode of transmission and to summarize current knowledge and future avenues of research on
this subject.

Does seed transmission contribute to virus epidemics?

Seed infection provides the virus with means to persist for long periods of time when hosts
and/or vectors are not available, as many seed-transmitted viruses can survive within the seed
as long as it remains viable [6]. Seed transmission also allows for long-distance dissemination
of plant viruses, and evidence exist that bird dispersion and human trade of infected seeds
resulted in cross-continental virus jumps (for instance, [7]). But perhaps the most important
epidemiological effect of seed transmission is that it represents an important source of primary
inoculum for many viruses with vertical transmission, which are disseminated afterwards via
vectors causing devastating epidemics (Fig 1). This is particularly important as many vectors,
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Fig 1. Virus seed transmission cycle. (1) Plant viruses reach seeds either by direct invasion of the embryo from the parental plant via the suspensor, and/or
indirectly by infecting pollen grains or ovules, which lead to an infected embryo after fertilization. (2) Infected seeds may (i) directly germinate; (ii) remain for
long periods of time in the soil; or (iii) be dispersed to long distances. In any of these 3 scenarios, infected seed will produce infected seedlings after
germination. (3) Infected seedlings (and adult plants) from infected seeds will be sources of primary inoculum allowing virus dispersion through vectors. The
picture represents aphids, which transmit 30% of plant viruses. (4) The cycle can be closed in 2 ways: (i) Viruses from infected seedlings/adult plants may again
reach seeds leading to a second round of seed transmission, allowing virus persistence in the absence of vectors. (ii) Plants infected by vectors can produce
infected seeds. Constructed using BioRender.

https://doi.org/10.1371/journal.ppat.1010707.g001

particularly aphids, transmit viruses in a nonpersistent manner (virus acquisition and further
inoculation in susceptible plants occur within a few seconds/minutes), which means that insec-
ticides are not effective at suppressing virus spread [8]. In the current context of accelerating
climate change, virus seed transmission may confer crucial benefits for plant viruses: It allows
virus survival in unfavorable conditions, such as prolonged drought periods, and facilitates
virus geographic range expansion when climatic conditions become favorable in distant
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regions that viruliferous vectors would not reach [9]. Indeed, it has been shown that elevated
temperature and light intensity, both associated with global warming, increase the survival of
infected seeds and seed transmission rate [10,11]. Thus, seed transmission is (and likely will
be) of great importance in plant virus epidemics and of major concern for food safety as dem-
onstrated by the numerous national and international regulations on seed phytosanitary mea-
sures [12].

How does the mode of transmission affect virus evolution?

Due to its central role in determining virus fitness, a considerable body of theory is aimed at
predicting the conditions in which pathogen transmission will be optimized. Applied to plant
viruses, most of these works agree in that maximum seed transmission rates require optimal
plant reproduction and, therefore, lower virulence (i.e., effect of infection on seed number)
[13]. The scarce experimental analyses, in which serial virus passages through strict vertical
transmission resulted in higher rates of infected seeds and reductions of virus accumulation
and virulence, support this prediction [14,15]. Interestingly, optimizing seed transmission also
benefits the host plant as the virus may evolve toward commensalism (higher plant fitness).
Accordingly, plant adaptation to this mode of transmission has been reported [15]. Hence,
although limited, evidence indicates that seed transmission may play a central role in both
plant and virus evolution.

Can we reduce the impact of virus seed transmission?

Current strategies to minimize the impact of seed-transmitted viruses mostly involve routine
seed health testing and, to a lesser extent, heat treatment of infected seeds [4]. However, these
methods are of limited use as realistic thresholds of virus infection have been investigated only
for a few plant-virus interactions [16]. Consequently, in most cases, the acceptable level of
virus seed infection remains debatable, and it may be well above the minimum primary inocu-
lum necessary to start an epidemic. For instance, in Europe, the acceptable threshold limit of
lettuce seeds infected by Lettuce mosaic virus was 0.1%, until it was demonstrated that a per-
centage of infected seeds as low as 0.003% was enough to start an epidemic [4]. A similar limi-
tation applies for methods based on heat treatment of infected seeds, as these may reduce virus
incidence but rarely result in complete eradication [4]. In addition, these methods compro-
mise seed viability [17]. Strategies to regenerate virus-free plants in vitro from meristems are
increasingly available, but they still cover a limited number of cultivated plants [18]. The
deployment of plant genetic resistance, which is a broadly used strategy to control virus dis-
eases, could be a good alternative to current control methods, but it is only available for a
reduced number of plant viruses and its durability is limited [19]. Perhaps specific genetic
resistance to seed transmission, more broadly found across plant species than immunity to
infection [5], could contribute to reduce the impact of this mode of transmission in virus epi-
demics: It would allow the production of virus-free certified seeds and reduce the sources of
primary inoculum. However, this strategy would require extensive knowledge on the mecha-
nisms of seed transmission, which is currently lacking.

How are viruses transmitted through seeds?

Seed-transmitted viruses have 2 nonmutually exclusive mechanisms to reach the seed. First,
direct invasion of the embryonic tissue, and second, infection of the ovules and/or the pollen
(Fig 1). To understand these routes of transmission, it should be noted that, unlike animal
viruses where receptor-mediated mechanisms facilitate exploiting the extracellular environ-
ment for within-host dissemination, plant viruses are restricted to the intracellular
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compartment (symplast). Their cell-to-cell movement occurs through symplastic channels
(plasmodesmata), a process mediated by viral movement proteins [20]. Hence, embryo or gam-
ete invasion requires a symplastic connection with the parental plant [18]. In the case of direct
embryo invasion, infection occurs after fertilization through the suspensor, which provides
nutritional and positional support for the embryo, and temporarily maintains this symplastic
connection until its programmed cell death [21]. Seed transmission through gamete infection
requires invasion during gametogenesis prior to fertilization, which also occurs via plasmodes-
mata. In autogamous species (i.e., species in which ovules are predominantly fertilized by pol-
len from the same flower), the virus must be present in the parental plant. However, in plants
with sexual dimorphism, pollen infection allows seed transmission in uninfected females,
although less efficiently than seed infection from the parental plant [6]. It should be mentioned
that a third route of seed transmission via host cell meiosis has been proposed for persistent
viruses, which apparently do not move systemically [22]. Whatever the mechanism, it is well
established that it is controlled by both the host plant and the virus [23].

What is known about the molecular basis of seed transmission?

According to current knowledge on the mechanisms of seed transmission, it has been pre-
dicted that plant and virus genetic determinants would control the following: (i) virus multipli-
cation and movement; (ii) virus ability to invade gametic tissues; and (iii) gamete and embryo
survival in the presence of the virus [20].

There is remarkably little information on the function of plant genes involved in virus seed
transmission. In soybean, Soybean mosaic virus seed transmission is controlled by host genes
homolog of Arabidopsis DCL3 and RDR6, which are involved in the RNA silencing plant
defense response [24]. Also, in barley and pea, it has been shown that seed transmission of Bar-
ley stripe mosaic virus (BSMV) and Pea seed-borne mosaic virus (PSbMV), respectively, is con-
trolled by a few unidentified loci of quantitative effect [21]. In Arabidopsis, genome-wide
association studies have identified genes related to plant response to stresses, embryogenesis,
and cell wall metabolism (involved in virus within-host movement) as associated with Cucum-
ber mosaic virus (CMV) seed transmission [25]. These in silico analyses need to be experimen-
tally validated, but functions of the identified genes agree with predictions above.

Virus genetic determinants involved in seed transmission have been analyzed in a handful
of species and are also associated with virus multiplication, movement, and invasion of plant
reproductive organs [23]. Determinants of seed transmission identified in the Pea early brow-
ning virus and CMV genomes are in RNAs 1 and 2, which encode proteins involved in virus
replication, and in the 12-kDa gene, which is an RNA silencing suppressor [26,27]. Similarly,
for PSbMV and BSMV, the HC-Pro and the yb proteins that are suppressors of the RNA
silencing plant defense response, as well as mutations in other regions that are important for
virus multiplication and movement, affect virus seed transmission rate [28-30].

Concluding remarks

In sum, plant viruses are not restricted to host vegetative organs and vectors, but also invade
reproductive organs and seeds. Exploring this largely unknown aspect of the life of plant
viruses will yield key information to understand their epidemiology and evolution.
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