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Pre-sowing seed treatment with systemic fungicides is a firmly entrenched practice for 
most agricultural crops worldwide. The treatment is intended to protect the crop against 
seed- and soil-borne diseases. In recent years, there is increasing evidence that fungicidal 
applications to manage diseases might inadvertently also affect non-target organisms, 
such as endophytes. Endophytes are ubiquitously present in plants and contribute to 
plant growth and development besides offering resistance to biotic and abiotic stresses. 
In seeds, endophytes may play a role in seed development, seed germination, seedling 
establishment and crop performance. In this paper, we review the recent literature on 
non-target effects of fungicidal applications on endophytic fungal community and discuss 
the possible consequences of indiscriminate seed treatment with systemic fungicide on 
seed endophytes. It is now well recognized that endophytes are ubiquitously present in 
all parts of the plant, including the seeds. They may be transmitted vertically from seed 
to seed as in many grasses and/or acquired horizontally from the soil and the environment. 
Though the origins and evolution of these organisms in plants are a matter of conjecture, 
numerous studies have shown that they symbiotically aid in plant growth and development, 
in nutrient acquisition as well in protecting the plants from abiotic and biotic stresses. 
Against this background, it is reasonable to assume that the use of systemic fungicides 
in seed treatment may not only affect the seed endophytes but also their attendant benefits 
to seedling growth and establishment. While there is evidence to indicate that fungicidal 
applications to manage plant diseases also affect foliar endophytes, there are only few 
studies that have documented the effect of seed treatment on seed-borne endophytes. 
Some of the convincing examples of the latter come from studies on the effect of fungicide 
application on rye grass seed endophyte AR37. More recently, experiments have shown 
that removal of seed endophytes by treatment with systemic fungicides leads to significant 
loss of seedling vigour and that such losses could be partially restored by enriching the 
seedlings with the lost endophytes. Put together, these studies reinforce the importance 
of seed endophytes to seedling growth and establishment and draw attention on how to 
trade the balance between the benefits of seed treatments and the direct and indirect 
costs incurred due to loss of endophytes. Among several approaches, use of 
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reduced-risk fungicides and identifying fungicide-resistant endophytes are suggested 
to sustain the endophyte contribution to early seedling growth.

Keywords: fungal endophyte, seedling growth, carbendazim, bavistin, seed microbiome, holobiome, pathogen, 
seed endophytes

INTRODUCTION

Seed treatment with systemic fungicides is a routine integrated 
crop management practice for crops. Despite the benefits realized 
by fungicide seed treatment including improved seed emergence, 
plant vigour and protection from seed- and soil-borne fungal 
pathogens (Lamichhane et al., 2020), recent studies have raised 
some concerns regarding this practice (Vasanthakumari et  al., 
2019; You et  al., 2020). Of particular concern is the off-target 
effects of such treatment on the seed-borne microbiome, 
especially on fungi (Karlsson et  al., 2014; Prior et  al., 2017). 
Both culture-dependent and independent methods have 
demonstrated that there is a rich diversity of fungi inside 
seeds (Kinge et  al., 2019; Chun et  al., 2021). These fungal 
endophytes (FE) may have a role in early seedling growth 
and establishment. Considering that the seed microbiota serves 
as an important link between the maternal sporophyte generation 
and the next seedling generation, it is important to assess the 
consequences of seed treatments on these processes.

This paper offers a critical review of the practice of seed 
treatment with systemic fungicides. First, we  trace the history 
of seed treatment and discuss briefly the different types of 
fungicides and their modes of action. Second, we  highlight 
the possible role of seed microbiome in basic physiological 
processes, such as seed germination, seedling growth and 
establishment, and how such effects might be  affected by 
systemic fungicides. We  draw upon the literature that have 
examined the effects of fungicidal treatments on plants and 
seeds as well as their effects on non-target organism, including 
endophytes. Finally, we discuss the need to reduce indiscriminate 
use of seed treatment with systemic fungicides, which have 
adverse consequences on seed endophytes and seed health.

Disinfection of seed can be  traced to as early as the 17th 
century, when wheat seeds were treated with brine solution 
to free them of smut caused by Ustilago (Tillet, 1755). In 
1807, Prevost showed that dilute copper sulphate solution 
reduced seed-borne smuts and this practice became the main 
treatment throughout the 19th century. Following the 
establishment of the International Seed Testing Association in 
the late 1920s and the increased awareness of the damage 
caused by seed-borne pathogens, both during storage and post-
seedling development, new seed treatment options were 
developed. The first contact fungicide, Captan, was used in 
seed treatments in the 1950s to protect seeds against a variety 
of fungal pathogens (Kittleson, 1952). This class of fungicide 
inhibited fungi from entering the plant tissue. At about the 
same time, the efficacy of methylmercury for the treatment 
of small grains was also recognized. However, due to 
environmental concerns, its use was discontinued in the early 
1970s (Birah et  al., 2014). The discovery in the early 1970s 

of systemic fungicides, such as carboxin and thiabendazole, 
which not only reduced seed-borne pathogens but also soil-
borne pathogens, made them the choice for seed treatment. 
Systemic fungicide treatment of seed is an important strategy 
in disease management for many field and vegetable crops 
worldwide (Bhushan et  al., 2013; Lamichhane et  al., 2020).

One of the most commonly used systemic fungicides to manage 
fungal diseases is carbendazim, a methyl benzimidazole carbamate 
(MBC) group of fungicides. It was introduced and registered 
under USEPA in 1973 (Campos et  al., 2015). The MBCs, which 
include bavistin and benomyl, bind to β-tubulin in microtubules 
and interfere with spindle fibre proliferation, resulting in the 
suppression of cell division. MBC is used in pre- and post-harvest 
applications to protect a wide class of both agricultural and 
horticultural crops, such as beet, banana, cereals, fodder rapeseed, 
mango, oranges, pomes, pineapples, strawberries, medicinal herbs, 
turf grasses and ornamental plants (Tortella et  al., 2013; Singh 
et  al., 2016). It is also used in combination with several other 
fungicides, such as mancozab, to manage fungal disease in mango 
and sunflower (Devi et  al., 2015; Singh et  al., 2016). Several 
other classes of fungicides, such as triazoles, phenylpyrroles, 
phenylamides, benzimidazoles and strobilurines, are also used for 
seed treatment (Zeun et  al., 2013).

In many countries including the United  States, Australia 
and France, pre-sowing fungicidal treatment of field crops is 
a routine practice (White and Hoppin, 2004; Agreste, 2019; 
Lamichhane et  al., 2020; You et  al., 2020). However, in these 
countries, there has been an increasing emphasis on the use 
of reduced-risk fungicides which have a high specificity for 
target organisms (Adaskaveg et  al., 2005; Udayashankar et  al., 
2012). In India, the annual consumption of MBC fungicide 
is more than 2,000 metric tons (Singh et  al., 2016) and it is 
registered for use in 18 crops including apple, bean, brinjal, 
barley, mango, cucurbit, cotton, grape, groundnut, jute, pea, 
paddy, rose, sugar beet, wheat, walnut and tapioca 
(Bhushan  et  al., 2013).

Seed treatments are generally provided before sowing as 
seed dressing, seed coating or seed pelleting (Pedrini et  al., 
2017). In seed dressing, which is the most common method 
of seed treatment, the seeds are dressed either with dry or 
wet formulations of fungicides and pesticides. Additionally, 
seeds are treated with natural bio-formulants like Pseudomonas, 
Trichoderma and Rhizobia to enhance their field performance. 
Seed coating is usually undertaken by industries for large lots 
of seeds and seed pelleting is practiced for crops with small 
seeds, such as carrots and onions (Tamil Nadu Agritech portal, 
2020).1 Seeds may also be  treated at the time of harvest to 
maintain quality during seed storage and transport.

1 http://agritech.tnau.ac.in/
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FUNGAL ENDOPHYTES OF SEEDS

The successful association between two eukaryotes belonging 
to two different Kingdoms (the fungal endophytes (FE) and 
their plant hosts) is not inconsequential (Krings et  al., 2009). 
FE residing in tissues of a plant can enhance the plant’s 
ecological fitness by increasing its tolerance to pests (Raman 
and Suryanarayanan, 2017) and pathogens (Busby et al., 2016), 
and abiotic stresses like salinity (Sampangi-Ramaiah et  al., 
2020), high temperature (Ali et  al., 2018; Sangamesh et  al., 
2018) and drought (Rodriguez et  al., 2008). Although a sensu 
stricto definition of FE based on their taxonomy and mode 
of dispersal identifies different types (Rodriguez et  al., 2009),  
here we  follow a broader definition as fungi inhabiting seeds 
internally without causing apparent harm to the seed or crop.

Postulated to have evolved from a pathogenic ancestry, FE 
produces no disease symptoms and occurs in the apoplastic 
spaces of the seed tissues. Although a plant can harbour FE 
in all its tissues, the species composition of the FE assemblage 
differs among the different tissues of individual plants 
(Suryanarayanan and Vijaykrishna, 2001). This is true for the 
seed FE as well (Geisen et  al., 2017). Seed FEs are located in 
the seed coat, integument and rarely in the endosperm and 
cotyledon or the embryo (Philipson and Christey, 1986). Their 
mobilization into the seed tissues could occur vertically from 
parent to seeds, as in some cool-season grasses (Afkhami and 
Rudgers, 2008), in which case the endophytes move into the 
ovule and embryo through the caryopsis. Alternatively, FE may 
be  transmitted horizontally; in such cases, endophytes gain 
entry into the phyllosphere through stomatal opening or physical 
injuries and then spread to various parts of the plant (Barret 
et  al., 2016). Since the sieve tubes in the maternal tissues 
(seed coat and integument) and the offspring tissue (endosperm 
and embryo) of seed are not connected (Thorne, 1985), endophyte 
is generally not present in the latter tissue. Fungi from soil 
also infect fallen seeds and are retained and spread to the 
aerial tissues as endophytes (U’Ren et  al., 2009).

Both culture-dependent and independent (metagenomic) 
analyses have revealed a rich diversity of bacterial and fungal 
endophytes in seed tissues (Shahzad et  al., 2018; Kinge et  al., 
2019; Chun et al., 2021). It is believed that the seed microbiome 
(endophytes) is the first to be mobilized into a growing seedling, 
before it receives endophytes from the soil litter or through 
wind distribution (Mitter et  al., 2017). Using metagenomics 
analysis, Chen et al. (2020) demonstrated that a greater diversity 
and density of seed-vectored microbes in rice may benefit 
seedlings by helping them tolerate stress and counter disease-
causing organisms. Delinting of cotton seeds by acid treatment 
is done to facilitate easier mechanical planting. This process 
removes the cotton fibre-borne microbes, leading to increased 
susceptibility of seedlings to pests and pathogens (Irizarry and 
White, 2017). Long-term cultivation involving seed cleaning of 
wild tobacco (Nicotiana attenuata) eliminated the associated 
microbes, making the seedlings susceptible for fungal pathogens 
(Santhanam et  al., 2015). Functional annotation of genes of 
endophytes associated with finger millet indicates their involvement 
in many plant growth and development responses, including 

abiotic and biotic stress tolerance, secondary metabolism, aromatic 
compound synthesis, and the glutathione and cysteine synthesis 
pathways (Prasannakumar et  al., 2020). In fact, considering the 
overarching role of fungal endophytes in plant growth and 
development, it is clear that they play an important role in 
sustainable agriculture (Lugtenberg et  al., 2016).

EFFECTS OF FUNGICIDE TREATMENT 
ON FUNGAL ENDOPHYTES

In light of the increasing evidence of the role of endophytes 
on plant growth and stress tolerance, their use in real world 
agriculture could be constrained by the practice of seed treatment 
with fungicide (Murphy et  al., 2017). Although seed treatment 
could include application of fungicides, insecticides or 
rodenticides, the majority of seed treatments is with fungicides 
(White and Hoppin, 2004). Seed treatments are sine qua non 
for managing diseases to increase stand establishment, seed 
yield and quality (Rothrock et  al., 2012). Indeed, the practice 
of treating seeds with fungicides has increased many fold over 
the years (Urrea et  al., 2013). While the major aim of seed 
treatments with fungicides is to bring down the pathogen load 
on the seed surface or inside without affecting seed viability 
and seedling fitness, several studies have cast doubts if this 
is indeed the case. Since environmental filtering and maternal 
factors determine the constitution of the fungal microbiome 
in seed (Fort et  al., 2019), the effects of seed treatment with 
systemic fungicides on the seed endobiome and their 
consequences on seed and seedling performance need to 
be  addressed.

In recent years, there is mounting evidence to suggest that 
foliar application of fungicides significantly affects non-target 
organisms, such as the endophytic fungi (Table  1). Fungicide 
application on wheat plants leads to significant differences in 
relative abundance and diversity of non-target fungi (Karlsson 
et  al., 2014) and also inhibited the growth of endophytic yeast 
and filamentous fungi (Wachowska et  al., 2013). For example, 
fungicide treatment affects the diversity of epiphytic and 
endophytic fungi in Phaseolus vulgaris (Prior et  al., 2017). 
Comparing soybean grown using conventional plant protection 
versus those cultivated organically, Da Costa Stuart et al. (2018) 
reported a one-third reduction in foliar endophytes in the 
former. Batzer and Mueller (2020) reported differential effects 
of fluxapyroxad and pyraclostrobin sprays on Diaporthe and 
Alternaria endophytes; the fungicides significantly increased 
the proportion of endophyte species belonging to Diaporthe 
but decreased those of Alternaria. Besides affecting endophytic 
fungi, application of foliar fungicides and other plant protectants 
also reduce the endophytic proteobacteria (Chen et  al., 2020).

Though less documented, seed treatment with fungicides 
could lead to similar loss or disruption of the seed microbiome 
including the endophytes compromising seed germination and 
early seedling development (Lugtenberg et al., 2016). For example, 
in rye grass and tall fescue, seed treatment with fungicides 
reduced endophyte loads by over 60% (Leyronas et  al., 2006). 
Seedling endophyte abundance in rye grass was always higher 
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when no fungicides were applied (Hill and Brown, 2000). 
Fungicide application reduced the vertical transmission of 
Neotyphodium endophyte AR37 into germinated seedlings of 
rye grass (Chynoweth et  al., 2012), although Cruz et  al. (2018) 
reported no detrimental effect of fungicide application on AR37 
endophyte content in rye grass seeds. Thus, whether through 
foliar application, as most studies have demonstrated, or through 
seed treatments, there is evidence to suggest that fungicides 
adversely affect the endophyte load and composition of plants 
and seeds, possibly impairing the ecological fitness of plants 
(Nettles et  al., 2016).

Since endophytes are inextricably embedded in the plant 
tissue, unravelling their role in seedling growth is problematic. 
Nevertheless, several studies have attempted to cleanse the seed 
using systemic fungicides to examine the effects thereof on 
seedling growth attributes. Vasanthakumari et al. (2019) examined 
the effect of pre-sowing fungicidal treatment on seedling growth 
of rice, green gram, soybean and cowpea. In all these crops, 
treatment with 0.2% bavistin eliminated the endophytes and 
reduced seedling growth and vigour compared to untreated 

seed in the absence of disease. The reduced seedling growth 
in rice was partially restored upon enrichment of the seedlings 
by a consortium of endophytes obtained from untreated seeds. 
These results strongly suggest that the decrease in seedling 
growth upon fungicide treatment is due to the loss-of-function 
associated with the endophytes, rather than to the phytotoxicity 
of the fungicide. In another study, Puente et  al. (2009) found 
that seedling establishment was impaired in cactus seeds 
disinfected with antibiotics. Inoculation of antibiotic-treated 
cactus seedlings with bacteria isolated from control seeds 
restored seedling vigour, as reflected by the increased number 
of root hairs and average root numbers per seedling. Similar 
results were reported by Verma et al. (2017, 2018) for bacterial 
endophytes of rice seeds. Re-inoculation of endophytic bacteria 
isolated from control seeds resulted in partial recovery of 
seedling growth. Since MBC fungicide effects are not fungal 
species-specific, it is likely that the fungicide treated seeds 
when sowed may eliminate certain keystone soil fungal species 
as well leading to cascading effects on the ecosystem 
(Zotti et al., 2020). It is pertinent to note that limited information 

TABLE 1 | Studies highlighting the role of fungicide application on endophytes.

S. No. Plant Application Effect on endophytes Reference

1 Tall Fescue Foliar spray Significant reduction in leaf endophytic load Williams et al., 1984
2 Tall Fescue Foliar spray Seedling endophyte abundance rates were higher when 

terrazole or chloroneb was applied compared with no fungicide 
or propiconazole

Hill and Brown, 2000

3 Rye grass and tall Fescue Seed treatment Endophyte load was reduced by more than 60% in leaf sheath Leyronas et al., 2006
4 Mangifera indica Foliar spray Reduction in the colonization frequency of fungal endophytes in 

leaves
Mohandoss and 
Suryanarayanan, 2009

5 Rye grass Foliar spray Neotyphodium endophyte AR37 transmission into germinating 
seedlings was reduced by two different de methylation-inhibitor 
fungicides

Chynoweth et al., 2012

6 Wheat Foliar application Inhibited the growth of endophytic yeast-like and filamentous 
fungi on wheat kernels

Wachowska et al., 2013

7 Wheat Foliar application Causes significant difference in the relative abundance and 
diversity of non-target fungi in wheat leaves

Karlsson et al., 2014

8 Barley Seed dressing No effect on seed endophytes offered as seed dressing; 
improved seedling growth

Murphy et al., 2017

9 Oats Seed dressing No effect on seed endophytes offered as seed dressing; 
improved seedling growth

Murphy et al., 2017

10 Phaseolus vulgaris Foliar application Changes in the composition of epiphytic and endophytic 
community in leaves

Prior et al., 2017

11 Vicia faba Foliar application Changes in the composition of epiphytic and endophytic 
community in leaves

Prior et al., 2017

12 Perennial ryegrass Foliar spray No detrimental effect on AR37 endophyte content in seed Cruz et al., 2018
13 Tomato Root drenching No effect on root endophyte Malandrakis et al., 2018
14 Grapevine Hot water dipping in 

combination with fungicide 
(stem cutting treatment)

Reduced incidence of endophytic fungi in the stem cuttings Gorur and Akgul, 2019

15 Grapevine Foliar spray Wood mycobiome of grapevine cuttings is significantly affected 
by fungicide application

Del Frari et al., 2019

16 Rice Soil application No detrimental effect on root endophytes Shen et al., 2019
17 Soybean Foliar application during pod 

setting
Affects endophytes differentially; Alternaria increased while 
Diaporthe spp. decreased in leaves and stems

Batzer and Mueller, 2020

18 Nicotiana tabacum Seed dressing Reduces prevalence of seed bacterial endophytes Chen et al., 2020
19 Wheat Media amended with fungicides Two dark septate endophytes, namely, Alternaria alternata and 

Cochliobolus sp. were tolerant to glyphosate, carbendazim and 
cypermethrin in vitro

Spagnoletti and 
Chiocchio, 2020

20 Tea plant Foliar spray Reduction in colonization of treated tissues (bark, xylem, old 
leaves and new leaves)

Win et al., 2021
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is available on the dynamics of migration of seed endophytes 
to the soil and vice versa, and this could determine seed 
endobiome composition (Nelson, 2018).

The results of a few studies allow us to speculate on the 
negative effects of treating seeds with systemic fungicides. The 
significant reduction of germination in bavistin- and thiram-treated 
wheat seeds was due of their inability to mobilize stored starch 
in the absence of endophytes (Gogna et  al., 2015). The increased 
propensity of citrus, banana and leather leaf fern for infection 
by virulent pathogenic strains after application of benolate could 
be  because of the lowered defences in the absence of endophytes 
(Kloepper et  al., 2013). Though direct evidence is lacking, the 
results obtained for leaf tissues in this regard bolster such a 
hypothesis. Mango leaves treated with hexaconazole, a broad 
spectrum triazole systemic fungicide, became infected by FE species 
that could not infect untreated leaves (Mohandoss and 
Suryanarayanan, 2009). Another recent study shows that fungicide 
treatment alters the density of the native endophyte communities 
as well (Batzer and Mueller, 2020). Considering the ability of FE 
to produce antifungal and antibacterial compounds as well as 
phyto hormones (Santos et  al., 2015; Hamayun et  al., 2017; Bian 
et al., 2021), it is conceivable that a fungicide-induced disturbance 
in the community of native FE in the leaf affects host plant traits 
(Suryanarayanan, 2020).

Since fungicides have direct effects on plant metabolism, 
all fungicide-induced effects cannot be  attributed to the 
elimination of endophytes by the chemicals. It is known that 
high concentrations of fungicides can disrupt plant metabolism. 
Storing seeds after treatment with fungicide for long periods 
can result in phytotoxicity (Lamichhane et  al., 2020). Similarly, 
at higher concentrations, benomyl inhibits root mitotic activity 
(Dane and Dalgic, 2005). Many fungicides reduce root nodule 
development (Martensson, 1992) and reduce the development 
of mycorrhizal fungi (Menge, 1982). Fungicide application also 
reduces carboxylation efficiency and regeneration of ribulose1,5 
bisphosphates and thus affecting CO2 assimilation (Dias, 2012).

RESEARCH GAPS

Until recently, it was thought that seedlings acquire their 
symbiotic microbes from the soil, so the seed microbiome 
was studied, if at all, only for the presence of pathogens. It 
is now clear that seeds carry abundant fungi and bacteria as 
well as some Archaea as endophytes (Wassermann et al., 2019) 
and that a plant-specific core of microbiota is transmitted by 
seeds (Berg and Raaijmakers, 2018). With increasing evidence 
of the role of seed microbiome (especially endophytes) in seed 
development, seed germination and seedling growth, the merits 
of the century-old practice of systemic fungicidal seed treatment 
are now being questioned (Vasanthakumari et  al., 2019). Have 
such treatments done more harm than good? What are the 
effects of fungicide combinations on non-target microbes and 
the ecosystem services they provide? Should seed treatment 
be  a default option or based on anticipated risks? Are there 
alternatives to circumvent the effect of fungicides on seed 
endophytes? These and many other questions need some critical 

analysis (Figure 1). Just as the indiscriminate use of antibiotics 
has adverse consequences on the gut microflora (Antunes et al., 
2011), routine fungicidal seed treatment in the absence of 
significant pathogen load could reduce crop performance and 
productivity. Simple risk assessment based on the growing 
conditions could potentially eliminate the use of millions of 
tonnes of fungicide and thereby help not only to sustain seed 
endophytes but also de-burden the environment of one source 
of chemical pollution (Lamichhane et al., 2020). Thus, it might 
be  prudent not to view systemic fungicide seed treatments as 
routine and indispensable insurance against risks of crop failure, 
but rather as a choice depending on whether crop growth 
conditions are ideal or not (Alberta, 2021).2

The effect of fungicide seed treatment on the environment 
and non-target organisms is not well known. Although a few 
studies address the effect of fungicides on non-target soil 
microbes (Chen et  al., 2001) and carbon and nitrogen cycling 
in soils, soil respiration, and nitrogen pools (Ullah and Dijkstra, 
2019), there are hardly any investigations that quantitatively 
analyse the net benefits of fungicidal seed treatments. Gaspar 
et  al. (2014) showed that fungicidal seed treatment of soybean 
did not significantly increase seed yield compared to untreated 
control. Thus, additional investments made in seed treatment 
might result in net economic loss. More meta-studies on different 
crops and regions are required to statistically validate the net 
economic returns of seed treatments.

The effect of long-term use of fungicides on endophytes of 
crops is not known (White et  al., 2019). It is time that 
we reinvestigate well-known gains from fungicidal seed treatment, 
such as disease reduction (Russell, 2005), augmented field 
germination, seedling vigour (Babadoost and Islam, 2003), seedling 
stand and establishment (Loehken, 1990; Bradley, 2008), in the 
light of loss of endophyte microbes and environment quality.

Since seed microbiome influences plant protection as well 
as contributes to its ecosystem flexibility and diversification 
(Wassermann et al., 2019), knowledge on the role and metabolic 
function of endophytes in seeds could open up new possibilities 
for crop improvement. Studies in this direction are limited, 
partly because of methodological constraints in freeing seeds 
of their endophytes. Nonetheless, understanding the role of 
endophytes in early seed development, seed germination and 
seedling growth might allow for development of alternative 
options to seed treatment with fungicide. For instance, treating 
seedlings with foliar sprays of the endophytes critical to growth 
and development could be explored. Alternatively, identification 
of endophytes with tolerance to the applied fungicide and 
possessing the positive traits of the sensitive endophytes could 
allow seed treatments to be  continued without impairment of 
the endophyte-induced functions (Murphy et  al., 2017; Shen 
et  al., 2019). The use of reduced-risk fungicide with narrower 
activity and targeted against specific pathogens could also 
alleviate the problems imposed by broad spectrum conventional 
fungicides (Adaskaveg et  al., 2005; Udayashankar et  al., 2012). 
The consequences of seed treatment with fungicides could also 
vary among plant species. For example, in the case of vertically 

2 https://www.alberta.ca/use-of-new-seed-treatments.aspx
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transmitted endophytes, seed treatments could impose a greater 
penalty than in the horizontally transmitted endophytes. Walking 
the thin line between controlling the disease-causing organisms 
and conserving the beneficial organisms in the seeds opens 
up new challenges and calls for a greater understanding of 
these processes to reach a win-win situation.

CONCLUSION

Management of seed- and soil-borne pathogenic fungi using 
fungicides is important for ensuring food security (Steinberg 
and Gurr, 2020). It is only recently that the crops have been 
recognized as a holobiome consisting of the plant and all its 
associated microbes. This has led to the suggestion of conserving 
seeds along with their associated microbes, such that these 
microbes are not lost forever due to the global practice of seed 
treatment (Berg and Raaijmakers, 2018). We reviewed the trade-off 
of pre-sowing seed treatment in defending seeds against seed- 
and soil-borne pathogens on the one hand and the possibility 
of losing seed benefiting endophytes on the other. Considering 
the potentially important role of seed-borne endophytes in seed 
germination and seedling growth, and being a source of endophyte 
inoculum for the different tissues of the developing plant, the 
century-old practice of routine seed treatment should be revisited. 
The gain accrued by seed treatment in disease management 

versus the potential loss in crop performance due to disturbance 
of seed endobiome by seed treatment should be  studied for 
more crops using fungicides exhibiting different modes of action.
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FIGURE 1 | The effect of seed treatment with systemic fungicide on plant growth in presence or absence of seed- and soil-borne pathogens. The decrease in plant growth 
(B) represents the loss of endophyte-mediated growth promotion in seeds treated with systemic fungicide in the absence of seed- and soil-borne pathogens. This has to 
be contrasted with the phenotype of plant in (D). The difference in growth between (B) and (D) can be attributed to the beneficial effects of endophytes which are lost due 
to seed treatment with systemic fungicides. (A,C) refers to plants subjected to soil and seed borne pathogens but either treated (A) or untreated (C) with fungicide.

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Ayesha et al. Seed Treatment and Seed Endophytes

Frontiers in Plant Science | www.frontiersin.org 7 August 2021 | Volume 12 | Article 654512

 

REFERENCES

Adaskaveg, J., Forster, H., Gubler, W., Teviotdale, B., and Thompson, D. (2005). 
Reduced-risk fungicides help manage brown rot and other fungal diseases 
of stone fruit. Calif. Agric. 59, 109–114. doi: 10.3733/ca.v059n02p109

Afkhami, M. E., and Rudgers, J. A. (2008). Symbiosis lost: imperfect vertical 
transmission of fungal endophytes in grasses. Am. Nat. 172, 405–416. doi: 
10.1086/589893

Agreste. (2019). La protection des cultures. Available at: http://agreste.agriculture.
gouv.fr/enquetes/practiques-culturales/pratiques-culturales-sur-les-918 
(Accessed July 21, 2020).

Alberta, C. A. (2021). Use of new seed treatments. Available at: https://www.
alberta.ca/use-of-new-seed-treatments.aspx (Accessed July 21, 2020).

Ali, A. H., Radwan, U., El-Zayat, S., and El-Sayed, M. A. (2018). Desert plant-
fungal endophytic association: the beneficial aspects to their hosts. Biol. 
Forum Int. J. 30410, 138–145.

Antunes, L. C. M., Han, J., Ferreira, R. B., Lolic, P., Borchers, C. H., and 
Finlay, B. B. (2011). Effect of antibiotic treatment on the intestinal metabolome. 
Antimicrob. Agents Chemother. 55, 1494–1503. doi: 10.1128/AAC.01664-10

Babadoost, M., and Islam, S. Z. (2003). Fungicide seed treatment effects on 
seedling damping-off of pumpkin caused by Phytophthora capsici. Plant Dis. 
87, 63–68. doi: 10.1094/PDIS.2003.87.1.63

Barret, M., Guimbaud, J. F., Darrasse, A., and Jacques, M. A. (2016). Plant 
microbiota affects seed transmission of phytopathogenic microorganisms. 
Mol. Plant Pathol. 17, 791–795. doi: 10.1111/mpp.12382

Batzer, J. C., and Mueller, D. S. (2020). Soybean fungal endophytes Alternaria 
and Diaporthe spp. are differentially impacted by fungicide application. Plant 
Dis. 104, 52–59. doi: 10.1094/PDIS-05-19-1001-RE

Berg, G., and Raaijmakers, J. M. (2018). Saving seed microbiomes. ISME J. 
12, 1167–1170. doi: 10.1038/s41396-017-0028-2

Bhushan, C., Bhardwaj, A., and Misra, S. S. (2013). State of pesticide regulations 
in India. Report of Centre for Science and Environment, New Delhi. Available 
at: www.cseindia.org (Accessed January 02, 2021).

Bian, J. Y., Fang, Y. L., Song, Q., Sun, M. L., Yang, J. Y., Ju, Y. W., et al. 
(2021). The fungal endophyte Epicoccum dendrobii as a potential biocontrol 
agent against Colletotrichum gloeosporioides. Phytopathology 111, 293–303. 
doi: 10.1094/PHYTO-05-20-0170-R

Birah, A., Bhagat, S., Tanwar, R. K., and Chattopadhyay, C. (2014). Seed treatment 
in crop health management. SATSA Mukhopatra Annu. Tech. Bull. 18, 
15–26.

Bradley, C. (2008). Effect of fungicide seed treatments on stand establishment, 
seedling disease, and yield of soybean in North Dakota. Plant Dis. 92, 
120–125. doi: 10.1094/PDIS-92-1-0120

Busby, P. E., Ridout, M., and Newcombe, G. (2016). Fungal endophytes: modifiers 
of plant disease. Plant Mol. Biol. 90, 645–655. doi: 10.1007/s11103-015-0412-0

Campos, E. V. R., De Oliveira, J. L., Da Silva, C. M. G., Pascoli, M., Pasquoto, T., 
Lima, R., et al. (2015). Polymeric and solid lipid nanoparticles for sustained 
release of carbendazim and tebuconazole in agricultural applications. Sci. 
Rep. 5, 1–14. doi: 10.1038/srep13809

Chen, S. K., Edwards, C. A., and Subler, S. (2001). Effects of the fungicides 
benomyl, captan and chlorothalonil on soil microbial activity and nitrogen 
dynamics in laboratory incubations. Soil Biol. Biochem. 33, 1971–1980. doi: 
10.1016/S0038-0717(01)00131-6

Chen, Q., Meyer, W. A., Zhang, Q., and White, J. F. (2020). 16S rRNA 
metagenomic analysis of the bacterial community associated with turf grass 
seeds from low moisture and high moisture climates. PeerJ. 8:e8417. doi: 
10.7717/peerj.8417

Chun, Y. S., Kim, S. Y., Kim, M., Lim, J. Y., Shin, B. K., Kim, Y. S., et al. 
(2021). Mycobiome analysis for distinguishing the geographical origins of 
sesame seeds. Food Res. Int. 143:110271. doi: 10.1016/j.foodres.2021.110271

Chynoweth, R. J., Rolston, M. P., Kelly, M., and Grbavac, N. (2012). Control 
of blind seed disease (Gloeotinia temulenta) in perennial ryegrass (Lolium 
perenne) seed crops and implications for endophyte transmission. Agron. 
N. Z. 42, 141–148.

Cruz, E. S., Mc Gill, C. R., Southward, R. C., McKenzie, C. M., Card, S. D., 
He, X. Z., et al. (2018). Does chemical control of blind seed disease (Gloeotinia 
temulenta) affect endophyte transmission in ryegrass seed crops? Australas. 
Plant Pathol. 47, 561–569. doi: 10.1007/s13313-018-0598-0

Da Costa Stuart, A. K., Stuart, R. M., and Pimentel, I. C. (2018). Effect of 
agrochemicals on endophytic fungi community associated with crops of 
organic and conventional soybean (Glycine max L. Merril). Agri. Nat. Resour. 
52, 388–392. doi: 10.1016/j.anres.2018.10.005

Dane, F., and Dalgic, O. (2005). The effects of fungicide benomyl (benlate)on 
growth and mitosis in onion (Allium cepa L.) root apical meristem. Acta 
Biol. Hung. 56, 119–128. doi: 10.1556/ABiol.56.2005.1-2.12

Del Frari, G., Gobbi, A., Aggerbeck, M. R., Oliveira, H., Hansen, L. H., and 
Ferreira, R. B. (2019). Fungicides and the grapevine wood mycobiome: a case 
study on Tracheomycotic ascomycete Phaeomoniella chlamydospora reveals potential 
for two novel control strategies. Front. Plant Sci. 10:1405. doi: 10.3389/fpls.2019.01405

Devi, P. A., Paramasivam, M., and Prakasam, V. (2015). Degradation pattern 
and risk assessment of carbendazim and mancozeb in mango fruits. Environ. 
Monit. Assess. 187:4142. doi: 10.1007/s10661-014-4142-6

Dias, M. C. (2012). Phytotoxicity: an overview of the physiological responses of 
plants exposed to fungicides. Aust. J. Bot. 2012:135479. doi: 10.1155/2012/135479

Fort, T., Pauvert, C., Zanne, A. E., Ovaskainen, O., Caignard, T., Barret, M., 
et al. (2019). Maternal effects and environmental filtering shape seed fungal 
communities in oak trees. BioRxiv [Preprint]. doi: 10.1101/691121

Gaspar, A. P., Marburger, D. A., Mourtzinis, S., and Conley, S. P. (2014). 
Soybean seed yield response to multiple seed treatment components across 
diverse environments. Agron. J. 106, 1955–1962. doi: 10.2134/agronj14.0277

Geisen, S., Kostenko, O., Cnossen, M. C., Ten Hooven, F. C., Vres, B., and 
van Der Putten, W. H. (2017). Seed and root endophytic fungi in a range 
expanding and a related plant species. Front. Microbiol. 8:1645. doi: 10.3389/
fmicb.2017.01645

Gogna, R., Shee, K., and Moreno, E. (2015). Cell competition during growth 
and regeneration. Annu. Rev. Genet. 49, 697–718. doi: 10.1146/annurev-
genet-112414-055214

Gorur, V., and Akgul, D. S. (2019). Fungicide suspensions combined with 
hot-water treatments affect endogenous Neofusicoccum parvum infections 
and endophytic fungi in dormant grapevine canes. Phytopathol. Mediterr. 
58, 559–571. doi: 10.14601/Phyto-10822

Hamayun, M., Hussain, A., Khan, S. A., Kim, H. Y., Khan, A. L., Waqas, M., 
et al. (2017). Gibberellins producing endophytic fungus Porostereum spadiceum 
AGH786 rescues growth of salt affected soybean. Front. Microbiol. 8:686. 
doi: 10.3389/fmicb.2017.00686

Hill, N. S., and Brown, E. (2000). Endophyte viability in seedling tall fescue treated 
with fungicides. Crop Sci. 40, 1490–1491. doi: 10.2135/cropsci2000.4051490x

Irizarry, I., and White, J. F. (2017). Application of bacteria from non-cultivated 
plants to promote growth, alter root architecture and alleviate salt stress 
of cotton. J. Appl. Microbiol. 122, 1110–1120. doi: 10.1111/jam.13414

Karlsson, I., Friberg, H., Steinberg, C., and Persson, P. (2014). Fungicide effects 
on fungal community composition in the wheat phyllosphere. PLoS One 
9:e111786. doi: 10.1371/journal.pone.0111786

Kinge, T. R., Cason, E. D., Valverde Portal, A., Nyaga, M., and Gryzenhout, M. 
(2019). Endophytic seed mycobiome of six sorghum (Sorghum bicolor) 
cultivars from commercial seed lots using an Illumina sequencing approach. 
Mycosphere 10, 739–756. doi: 10.5943/mycosphere/10/1/16

Kittleson, A. R. (1952). A new class of organic fungicides. Science 115, 84–86. 
doi: 10.1126/science.115.2978.84-a

Kloepper, J. W., Mc Inroy, J. A., Liu, K., and Hu, C. H. (2013). Symptoms of 
Fern distortion syndrome resulting from inoculation with opportunistic endophytic 
fluorescent pseudomonas spp. PLoS One 8:8531. doi: 10.1371/journal.pone.0058531

Krings, M., Hass, H., Kerp, H., Taylor, T. N., Agerer, R., and Dotzler, N. 
(2009). Endophytic cyanobacteria in a 400-million-yr-old land plant: a 
scenario for the origin of a symbiosis? Rev. Palaeobot. Palynol. 153:6269. 
doi: 10.1016/j.revpal bo.2008.06.006.020

Lamichhane, J. R., You, M. P., Laudinot, V., Barbetti, M. J., and Aubertot, J. N. 
(2020). Revisiting sustainability of fungicide seed treatments for field crops. 
Plant Dis. 104, 610–623. doi: 10.1094/PDIS-06-19-1157-FE

Leyronas, C., Meriaux, B., and Raynal, G. (2006). Chemical control of 
Neotyphodium spp. endophytes in perennial ryegrass and tall fescue seeds. 
Crop Sci. 46, 98–104. doi: 10.2135/cropsci2005.0135

Loehken, A. (1990). “The benefits of seed/early season fungicide application 
for the management of rice blast (Pyricularia Oryzae),” in Pest Management 
in Rice. eds B. T. Grayson, M. B. Green and L. G. Copping (Dordrecht: 
Springer), 71–86.

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.3733/ca.v059n02p109
https://doi.org/10.1086/589893
http://agreste.agriculture.gouv.fr/enquetes/practiques-culturales/pratiques-culturales-sur-les-918
http://agreste.agriculture.gouv.fr/enquetes/practiques-culturales/pratiques-culturales-sur-les-918
https://www.alberta.ca/use-of-new-seed-treatments.aspx
https://www.alberta.ca/use-of-new-seed-treatments.aspx
https://doi.org/10.1128/AAC.01664-10
https://doi.org/10.1094/PDIS.2003.87.1.63
https://doi.org/10.1111/mpp.12382
https://doi.org/10.1094/PDIS-05-19-1001-RE
https://doi.org/10.1038/s41396-017-0028-2
http://www.cseindia.org
https://doi.org/10.1094/PHYTO-05-20-0170-R
https://doi.org/10.1094/PDIS-92-1-0120
https://doi.org/10.1007/s11103-015-0412-0
https://doi.org/10.1038/srep13809
https://doi.org/10.1016/S0038-0717(01)00131-6
https://doi.org/10.7717/peerj.8417
https://doi.org/10.1016/j.foodres.2021.110271
https://doi.org/10.1007/s13313-018-0598-0
https://doi.org/10.1016/j.anres.2018.10.005
https://doi.org/10.1556/ABiol.56.2005.1-2.12
https://doi.org/10.3389/fpls.2019.01405
https://doi.org/10.1007/s10661-014-4142-6
https://doi.org/10.1155/2012/135479
https://doi.org/10.1101/691121
https://doi.org/10.2134/agronj14.0277
https://doi.org/10.3389/fmicb.2017.01645
https://doi.org/10.3389/fmicb.2017.01645
https://doi.org/10.1146/annurev-genet-112414-055214
https://doi.org/10.1146/annurev-genet-112414-055214
https://doi.org/10.14601/Phyto-10822
https://doi.org/10.3389/fmicb.2017.00686
https://doi.org/10.2135/cropsci2000.4051490x
https://doi.org/10.1111/jam.13414
https://doi.org/10.1371/journal.pone.0111786
https://doi.org/10.5943/mycosphere/10/1/16
https://doi.org/10.1126/science.115.2978.84-a
https://doi.org/10.1371/journal.pone.0058531
https://doi.org/10.1016/j.revpal bo.2008.06.006.020
https://doi.org/10.1094/PDIS-06-19-1157-FE
https://doi.org/10.2135/cropsci2005.0135


Ayesha et al. Seed Treatment and Seed Endophytes

Frontiers in Plant Science | www.frontiersin.org 8 August 2021 | Volume 12 | Article 654512

Lugtenberg, B. J., Caradus, J. R., and Johnson, L. J. (2016). Fungal endophytes 
for sustainable crop production. FEMS Microbiol. Ecol. 92:fiw194. doi: 10.1093/
femsec/fiw194

Malandrakis, A., Daskalaki, E. R., Skiada, V., Papadopoulou, K. K., and 
Kavroulakis, N. (2018). A Fusarium solani endophyte vs fungicides: compatibility 
in a Fusarium oxysporum f. sp. radicis-lycopersici–tomato pathosystem. Fungal 
Biol. 122, 1215–1221. doi: 10.1016/j.funbio.2018.10.003

Martensson, A. M. (1992). Effects of agrochemicals and heavy metals on fast-
growing rhizobia and their symbiosis with small-seeded legumes. Soil Biol. 
Biochem. 24, 435–445. doi: 10.1016/0038-0717(92)90206-D

Menge, J. A. (1982). Effect of soil fumigants and fungicides on vesicular-
arbuscular fungi. Phytopathology 72, 1125–1133.

Mitter, B., Pfaffenbichler, N., Flavell, R., Compant, S., Antonielli, L., Petric, A., 
et al. (2017). A new approach to modify plant microbiomes and traits by 
introducing beneficial bacteria at flowering into progeny seeds. Front. Microbiol. 
8:11. doi: 10.3389/fmicb.2017.00011

Mohandoss, J., and Suryanarayanan, T. S. (2009). Effect of fungicide treatment 
on foliar fungal endophyte diversity in mango. Sydowia 6, 11–24.

Murphy, B. R., Doohan, F. M., and Hodkinson, T. R. (2017). A seed dressing 
combining fungal endophyte spores and fungicides improves seedling survival 
and early growth in barley and oat. Symbiosis 71, 69–76. doi: 10.1007/
s13199-016-0418-7

Nelson, E. B. (2018). The seed microbiome: origins, interactions, and impacts. 
Plant Soil 422, 7–34. doi: 10.1007/s11104-017-3289-7

Nettles, R., Watkins, J., Ricks, K., Boyer, M., Licht, M., Atwood, L. W., et al. 
(2016). Influence of pesticide seed treatments on rhizosphere fungal and 
bacterial communities and leaf fungal endophyte communities in maize 
and soybean. Appl. Soil Ecol. 102, 61–69. doi: 10.1016/j.apsoil.2016.02.008

Pedrini, S., Merritt, D. J., Stevens, J., and Dixon, K. (2017). Seed coating: 
science or marketing spin? Trends Plant Sci. 22, 106–116. doi: 10.1016/j.
tplants.2016.11.002

Philipson, M. N., and Christey, M. C. (1986). The relationship of host and 
endophyte during flowering, seed formation, and germination of Lolium 
perenne. N. Z. J. Bot. 24, 125–134. doi: 10.1080/0028825X.1986.10409724

Prasannakumar, M. K., Mahesh, H. B., Desai, R. U., Kunduru, B., Narayan, K. S., 
Teli, K., et al. (2020). Metagenome sequencing of fingermillet-associated 
microbial consortia provides insights into structural and functional diversity 
of endophytes. Biotechnology 10:15. doi: 10.1007/s13205-019-2013-0

Prior, R., Mittelbach, M., and Begerow, D. (2017). Impact of three different 
fungicides on fungal epi-and endophytic communities of common bean 
(Phaseolus vulgaris) and broad bean (Vicia faba). J. Environ. Sci. Health A 
52, 376–386. doi: 10.1080/03601234.2017.1292093

Puente, M. E., Li, C. Y., and Bashan, Y. (2009). Endophytic bacteria in cacti 
seeds can improve the development of cactus seedlings. Environ. Exp. Bot. 
66, 402–408. doi: 10.1016/j.envexpbot.2009.04.007

Raman, A., and Suryanarayanan, T. S. (2017). Fungus–plant interaction influences 
plant- feeding insects. Fungal Ecol. 29, 123–132. doi: 10.1016/j.
funeco.2017.06.004

Rodriguez, R., Freeman, D. C., McArthur, E. D., Kim, Y. O., and Redman, R. S. 
(2009). Symbiotic regulation of plant growth, development and reproduction. 
Commun. Integr. Biol. 2, 141–143. doi: 10.4161/cib.7821

Rodriguez, R. J., Henson, J., Van Volkenburgh, E., Hoy, M., Wright, L., Beckwith, F., 
et al. (2008). Stress tolerance in plants via habitat-adapted symbiosis. ISME 
J. 2, 404–416. doi: 10.1038/ismej.2007.106

Rothrock, C. S., Winters, S. A., Miller, P. K., Gbur, E., Verhalen, L. M., 
Greenhagen, B. E., et al. (2012). Importance of fungicide seed treatment 
and environment on seedling diseases of cotton. Plant Dis. 96, 1805–1817. 
doi: 10.1094/PDIS-01-12-0031-SR

Russell, P. E. (2005). A century of fungicide evolution. J. Agric. Sci. 143, 
11–25. doi: 10.1017/S0021859605004971

Sampangi-Ramaiah, M. H., Dey, P., Jambagi, S., Vasantha Kumari, M. M., 
Oelmuller, R., Nataraja, K. N., et al. (2020). An endophyte from salt- adapted 
pokkali rice confers salt-tolerance to a salt-sensitive rice variety and targets 
a unique pattern of genes in its new host. Sci. Rep. 10, 1–14. doi: 10.1038/
s41598-020-59998-x

Sangamesh, M. B., Jambagi, S., Vasanthakumari, M. M., Shetty, N. J., Kolte, H., 
Ravikanth, G., et al. (2018). Thermo tolerance of fungal endophytes isolated 
from plants adapted to the thar desert, India. Symbiosis 75, 135–147. doi: 
10.1007/s13199- 423017-0527-y

Santhanam, R., Luu, V. T., Weinhold, A., Goldberg, J., Oh, Y., and Baldwin, I. T. 
(2015). Native root-associated bacteria rescue a plant from a sudden-wilt 
disease that emerged during continuous cropping. Proc. Natl. Acad. Sci. 
112, E5013–E5020. doi: 10.1073/pnas.1505765112

Santos, I. P. D., Silva, L. C. N. D., Silva, M. V. D., Araujo, J. M. D., Cavalcanti, M. D. S., 
and Lima, V. L. D. M. (2015). Antibacterial activity of endophytic fungi from 
leaves of Indigofera suffruticosa Miller (Fabaceae). Front. Microbiol. 6:350. doi: 
10.3389/fmicb.2015.00350

Shahzad, R., Khan, A. L., Bilal, S., Asaf, S., and Lee, I. J. (2018). What is 
there in seeds? Vertically transmitted endophytic resources for sustainable 
improvement in plant growth. Front. Plant Sci. 9:24. doi: 10.3389/fpls.2018.00024

Shen, F. T., Yen, J. H., Liao, C. S., Chen, W. C., and Chao, Y. T. (2019). 
Screening of rice endophytic biofertilizers with fungicide tolerance and plant 
growth-promoting characteristics. Sustain. For. 11:1133. doi: 10.3390/
su11041133

Singh, S., Singh, N., Kumar, V., Datta, S., Wani, A. B., Singh, D., et al. (2016). 
Toxicity, monitoring and biodegradation of the fungicide carbendazim. 
Environ. Chem. Lett. 14, 317–329. doi: 10.1007/s10311-016-0566-2

Spagnoletti, F. N., and Chiocchio, V. M. (2020). Tolerance of dark septate 
endophytic fungi (DSE) to agrochemicals in  vitro. Rev. Argent. Microbiol. 
52, 43–49. doi: 10.1016/j.ram.2019.02.003

Steinberg, G., and Gurr, S. J. (2020). Fungi, fungicide discovery and global 
food security. Fungal Genet. Biol. 144:103476. doi: 10.1016/j.fgb.2020.103476

Suryanarayanan, T. S. (2020). The need to study the holobiome for gainful 
uses of endophytes. Fungal Biol. Rev. 34, 144–150. doi: 10.1016/j.fbr.2020.07.004

Suryanarayanan, T. S., and Vijaykrishna, D. (2001). Fungal endophytes of aerial 
roots of Ficus benghalensis. Fungal Divers. 8, 155–161.

Tamil Nadu Agritech Portal (2020). TNAU Agritech Portal. Sponsered by 
Rashtriya Krishi Vikas Yojana (RKVY) Project. Available at: http://agritech.
tnau.ac.in/ (Accessed July 21, 2021).

Thorne, J. H. (1985). Phloem unloading of C and N assimilates in developing 
seeds. Annu. Rev. Plant Physiol. 36, 317–343. doi: 10.1146/annurev.
pp.36.060185.001533

Tillet, M. (1755). Dissertation on the Cause of the Corruption and Smutting of the 
Kernels of Wheat in the Head, and on the Means of Preventing These Untoward 
Circumstances (no. 5). United States: American Phytopathological Society.

Tortella, G. R., Mella-Herrera, R. A., Sousa, D. Z., Rubilar, O., Briceno, G., 
Parra, L., et al. (2013). CBZ dissipation in the biomixture of on-farm 
biopurification systems and its effect on microbial communities. Chemosphere 
93, 1084–1093. doi: 10.1016/j.chemosphere.2013.05.084

U’Ren, J. M., Dalling, J. W., Gallery, R. E., Maddison, D. R., Davis, E. C., 
Gibson, C. M., et al. (2009). Diversity and evolutionary origins of fungi 
associated with seeds of a neotropical pioneer tree: a case study for analysing 
fungal environmental samples. Mycol. Res. 113, 432–449. doi: 10.1016/j.
mycres.2008.11.015

Udayashankar, A. C., Nayaka, C. S., Archana, B., Nayak, U., Niranjana, S. R., 
and Prakash, H. S. (2012). Strobilurins seed treatment enhances resistance 
of common bean against bean common mosaic virus. J. Phytopathol. 160, 
710–716. doi: 10.1111/jph.12006

Ullah, M. R., and Dijkstra, F. A. (2019). Bactericide effects on carbon and 
nitrogen cycling in soils: a meta-analysis. Fungicide Soil Syst. 3:23. doi: 
10.3390/soilsystems3020023

Urrea, K., Rupe, J. C., and Rothrock, C. S. (2013). Effect of fungicide seed 
treatments, cultivars, and soils on soybean stand establishment. Plant Dis. 
97, 807–812. doi: 10.1094/PDIS-08-12-0772-RE

Vasanthakumari, M. M., Shridhar, J., Madhura, R. J., Nandhitha, M., Kasthuri, C., 
Janardhana, B., et al. (2019). Role of endophytes in early seedling growth 
of plants: a test using systemic fungicide seed treatment. Plant Physiol. Rep. 
24, 86–95. doi: 10.1007/s40502-018-0404-6

Verma, S. K., Kingsley, K. L., Bergen, M. S., Kowalski, K. P., and White, J. F. 
(2018). Fungal disease prevention in seedlings of rice (Oryza sativa) and other 
grasses by growth-promoting seed-associated endophytic bacteria from invasive 
Phragmites australis. Microorganisms 6:21. doi: 10.3390/microorganisms6010021

Verma, S. K., Kingsley, K., Irizarry, I., Bergen, M., Kharwar, R. N., and  
White, J. F. Jr. (2017). Seed-vectored endophytic bacteria modulate development 
of rice seedlings. J. Appl. Microbiol. 122, 1680–1691. doi: 10.1111/jam.13463

Wachowska, U., Kucharska, K., Jedryczka, M., and Łobik, N. (2013). 
Microorganisms as biological control agents against Fusarium pathogens in 
winter wheat. Pol. J. Environ. Stud. 22, 591–597.

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1093/femsec/fiw194
https://doi.org/10.1093/femsec/fiw194
https://doi.org/10.1016/j.funbio.2018.10.003
https://doi.org/10.1016/0038-0717(92)90206-D
https://doi.org/10.3389/fmicb.2017.00011
https://doi.org/10.1007/s13199-016-0418-7
https://doi.org/10.1007/s13199-016-0418-7
https://doi.org/10.1007/s11104-017-3289-7
https://doi.org/10.1016/j.apsoil.2016.02.008
https://doi.org/10.1016/j.tplants.2016.11.002
https://doi.org/10.1016/j.tplants.2016.11.002
https://doi.org/10.1080/0028825X.1986.10409724
https://doi.org/10.1007/s13205-019-2013-0
https://doi.org/10.1080/03601234.2017.1292093
https://doi.org/10.1016/j.envexpbot.2009.04.007
https://doi.org/10.1016/j.funeco.2017.06.004
https://doi.org/10.1016/j.funeco.2017.06.004
https://doi.org/10.4161/cib.7821
https://doi.org/10.1038/ismej.2007.106
https://doi.org/10.1094/PDIS-01-12-0031-SR
https://doi.org/10.1017/S0021859605004971
https://doi.org/10.1038/s41598-020-59998-x
https://doi.org/10.1038/s41598-020-59998-x
https://doi.org/10.1007/s13199- 423017-0527-y
https://doi.org/10.1073/pnas.1505765112
https://doi.org/10.3389/fmicb.2015.00350
https://doi.org/10.3389/fpls.2018.00024
https://doi.org/10.3390/su11041133
https://doi.org/10.3390/su11041133
https://doi.org/10.1007/s10311-016-0566-2
https://doi.org/10.1016/j.ram.2019.02.003
https://doi.org/10.1016/j.fgb.2020.103476
https://doi.org/10.1016/j.fbr.2020.07.004
http://agritech.tnau.ac.in/
http://agritech.tnau.ac.in/
https://doi.org/10.1146/annurev.pp.36.060185.001533
https://doi.org/10.1146/annurev.pp.36.060185.001533
https://doi.org/10.1016/j.chemosphere.2013.05.084
https://doi.org/10.1016/j.mycres.2008.11.015
https://doi.org/10.1016/j.mycres.2008.11.015
https://doi.org/10.1111/jph.12006
https://doi.org/10.3390/soilsystems3020023
https://doi.org/10.1094/PDIS-08-12-0772-RE
https://doi.org/10.1007/s40502-018-0404-6
https://doi.org/10.3390/microorganisms6010021
https://doi.org/10.1111/jam.13463


Ayesha et al. Seed Treatment and Seed Endophytes

Frontiers in Plant Science | www.frontiersin.org 9 August 2021 | Volume 12 | Article 654512

Wassermann, B., Cernava, T., Muller, H., Berg, C., and Berg, G. (2019). Seeds 
of native alpine plants host unique microbial communities embedded in 
cross-kingdom networks. Microbiomes 7:108. doi: 10.1186/s40168-019-0723-5

White, K. E., and Hoppin, J. A. (2004). Seed treatment and its implication 
for fungicide exposure assessment. J. Expo. Sci. Environ. Epidemiol. 14, 
195–203. doi: 10.1038/sj.jea.7500312

White, J. F., Kingsley, K. L., Zhang, Q., Verma, R., Obi, N., Dvinskikh, S., 
et al. (2019). Endophytic microbes and their potential applications in crop 
management. Pest Manag. Sci. 75, 2558–2565. doi: 10.1002/ps.5527

Williams, M. J., Backman, P. A., Crawford, M. A., Schmidt, S. P., and  King, C. C. 
Jr. (1984). Chemical control of the tall fescue endophyte and its relationship 
to cattle performance. N. Z. J. Exp. Agric. 12, 165–171. doi: 
10.1080/03015521.1984.10421428

Win, P. M., Matsumura, E., and Fukuda, K. (2021). Effects of pesticides on 
the diversity of endophytic fungi in tea plants. Microb. Ecol. 1–11. doi: 
10.1007/s00248-020-01675-7 [Epub ahead of print]

You, M. P., Lamichhane, J. R., Aubertot, J. N., and Barbetti, M. J. (2020). 
Understanding why effective fungicides against individual soil borne pathogens 
are ineffective with soil borne pathogen complexes. Plant Dis. 104, 904–920. 
doi: 10.1094/PDIS-06-19-1252-RE

Zeun, R., Scalliet, G., and Oostendorp, M. (2013). Biological activity of sedaxane–a 
novel broad-spectrum fungicide for seed treatment. Pest Manag. Sci. 69, 
527–534. doi: 10.1002/ps.3405

Zotti, M., De Filippis, F., Cesarano, G., Ercolini, D., Tesei, G., Allegrezza, M., 
et al. (2020). One ring to rule them all: an ecosystem engineer fungus 
fosters plant and microbial diversity in a Mediterranean grassland. New 
Phytol. 227, 884–898. doi: 10.1111/nph.16583

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2021 Ayesha, Suryanarayanan, Nataraja, Prasad and Shaanker. 
This is an open-access article distributed under the terms of the Creative 
Commons Attribution License (CC BY). The use, distribution or reproduction 
in other forums is permitted, provided the original author(s) and the copyright 
owner(s) are credited and that the original publication in this journal is cited, 
in accordance with accepted academic practice. No use, distribution or reproduction 
is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1186/s40168-019-0723-5
https://doi.org/10.1038/sj.jea.7500312
https://doi.org/10.1002/ps.5527
https://doi.org/10.1080/03015521.1984.10421428
https://doi.org/10.1007/s00248-020-01675-7
https://doi.org/10.1094/PDIS-06-19-1252-RE
https://doi.org/10.1002/ps.3405
https://doi.org/10.1111/nph.16583
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Seed Treatment With Systemic Fungicides: Time for Review
	Introduction
	Fungal Endophytes of Seeds
	Effects of Fungicide Treatment on Fungal Endophytes
	Research Gaps
	Conclusion
	Author Contributions

	References

