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ABSTRACT
Mutualistic complexities in nature represent an inherent part of adaptation. Interkingdom 
interactions among organisms helped them to survive against biotic and abiotic stress. Although 
mutualistic associations have been commonly observed among plants-fungi and plant-virus but 
the concept of tripartite association involving plants-fungus-virus has not been explored so far. 
The literature review depicted the presence of interactions between plants and the fungus, in 
which fungal endophytes/AMF aid in plant adaptation. In the case of plant-virus interactions, 
several viruses aid in modulating the secondary metabolites. The associated mutualistic 
interactions among organisms complement their survival in nature.
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INTRODUCTION

Biotic and abiotic stress triggers specialized mechanisms in 
plants, enabling them to interact with their surroundings.[1] 
These interactions facilitate organisms to survive under the 
most stressful conditions on Earth.[2] Symbiosis emerged as an 
outcome of these inter- and intra-kingdom associations, thereby 
enabling organisms survival.[3] The mutualistic relationships 
among different kingdoms result in the development of survival 
instincts along the evolutionary path of organisms.[4] Plant 
symbiotic associations majorly encompass mutualism (lichens, 
mycorrhizae), parasitism, and commensalism.[5] Mutualism, as 
explained by Pierre-Joseph Van Beneden, a Belgian zoologist, 
includes the beneficial attributes of interacting species.[6] This 
survival instinct has been recorded among several organisms 
belonging to different kingdoms.[7] Mutualistic partners acquired 
the advantage of resource acquisition, which includes shelter, 
food availability, and enhanced survival tactics from predators.[8] 
Plant-focused mutualistic relationships typically include 
myrmecophytes (plant-insect mutualism) and mycorrhizae 
(plant-microorganism mutualism).[9,10] In a classical example of 
the acacia tree and ant (Pseudomyrmex ferrugineus), a mutualistic 
association has been observed in which ants protect the acacia tree 
from herbivores and, in return, the tree provides shelter (domatia) 

and a food source (nectar) to ants.[11] Although two-way symbiosis 
has been established to understand the intricate association 
among different kingdoms, research revealed the significance 
of the third partner involved in mutualism, which opens a new 
avenue of discussion among researchers of associated fields. 
A study by Defossez et al., 2009 highlighted the significance of 
tripartite association among myrmecophytes, ants, and fungi.[12]

METHODOLOGY

​A comprehensive review of existing research was performed, 
searching prominent scientific databases such as Google Scholar, 
PubMed, and Web of Science. This extensive search involved 
the use of various keywords directly related to the topic, viz., 
‘symbiosis’, ‘tripartite mutualism’, ‘plant-fungus-virus association’, 
and ‘three-way symbiosis’.

Plant-Fungus And Plant-Virus Interactions
The two-way symbiosis involving plant-fungus and plant-virus 
revealed its role in the modulation of secondary metabolites as 
well as in adaptation. In a study by Srivastava et al., (2017), the 
host plant (Papaver somniferum) is associated with begomovirus 
(Ageratum enation). The modulation of secondary metabolites has 
been observed in virus-infected plants, resulting in a reduction in 
the production of morphine, thebaine, codeine, and papaverine, 
and, on the contrary, the biosynthesis of noscapine increased 
drastically, indicating modulation of secondary metabolites.[13] 
Zaim et al., (2014) also confirmed the favourable effect on the 
production of morphine and codeine on exposure to Poppy 
mosaic virus.[14] In another study, the same plant, P. somniferum, 
is mutually associated with fungal endophytes, facilitating 
the modulation of biosynthesis of benzylisoquinoline-type 
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alkaloids.[15] It is evidenced from the research that viral and fungal 
endophyte prevalence in P. somniferum modulates the synthesis 
of alkaloids.[14,15]

In a study by Gachon et al., (2004), TMV-induced overexpression 
of scopoletin and scopolin was observed in Nicotiana tabacum.[16] 
Furthermore, in another study, it was evidenced that root 
colonization by AMF (arbuscular mycorrhizal fungi) resulted in 
biomass production and volatile oil accumulation.[17] N. tobacum 

exhibited a response to viral exposure and fungal acquisition, 
which was reflected in its metabolic profile.[16,17]

​Zhang et al., (2022) reported that in Cucumis sativus, viral 
infection (cucurbit chlorotic yellows virus) typically depresses 
pathways for defence mediators (flavonoid, terpenoids) while 
upregulating metabolism of lipid, amino-acid and nucleotide.[18] 
The roots of the plant (C. sativa) have also been associated with 
AMF for plant growth by facilitating nutrient reuptake.[19]

Plant-virus interactions Plant-fungus interactions

Host plant Associated 
virus

Virus-plant Symbiosis 
impact on secondary 
metabolites

Reference Associated 
fungi with 
the host 
plant

Fungus-plant 
symbiosis outcome

Reference

Papaver 
somniferum,
Papaveraceae

Ageratum 
enation virus

Significant reduction in 
the production of opioid 
alkaloids (morphine, 
thebaine, codeine, and 
papaverine) and an increase 
in the biosynthesis of 
noscapine (non-narcotic 
alkaloid)

[13] Endophytes Biosynthesis 
modulation of 
benzyl-isoquinoline 
alkaloids

[15]

Poppy 
mosaic virus

Favourable effect on the 
production of morphine and 
codeine

[14]

Nicotiana 
tabacum,
Solanaceae

Tobacco 
mosaic virus

Over-expression of the 
enzyme (scopoletin 
glucosyltransferase)

[16] AMF The root colonisation 
by the fungus 
significantly increased 
biomass production 
and essential oil 
accumulation

[17]

​Cucumis sativus,
Cucurbitaceae

Cucurbit 
chlorotic 
yellows virus

​​Viral infection represses the 
metabolism of secondary 
metabolites (flavonoids, 
terpenoids)

[18] AMF Improves plant 
growth, nutrient 
reuptake, and 
photosynthesis

[19]

Datura 
stramonium,
Solanaceae

Pepper mild 
mottle virus, 
Tomato 
mosaic 
virus, and 
Tobacco 
mosaic virus

Increase in hyoscyamine 
content

[20] AMF Aids in plant 
adaptation

[21]

Carica papaya,
Caricaceae

Babaco 
mosaic virus

Increase in phenolic and 
flavonoid levels

[22] AMF Strong growth 
response observed in 
the plant

[23]

Zea mays,
Poaceae

Sugarcane 
mosaic virus

Accumulation of the salicylic 
acid

[24] AMF Increases crop 
productivity

[25]

Solanum 
lycopersicum,
Solanaceae

Potato 
spindle 
tuberviroid

Increase in phenolics [26] AMF Regulate root 
development

[27]

Table 1:  Symbiosis-mediated adaptation in plants.
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It is evidenced from the results of Mihalik et al., (2022) ​that 
there is a positive effect on the biosynthesis of hyoscyamine 
when the plant is infected with a specific type of virus (Tomato 
mosaic virus and Tobacco mosaic virus).[20] The same plant has 
also been associated with AMF, which aids in its adaptation.[21] 
In two different studies involving Carica papaya mutualism, one 
reported a potexvirus-induced increase in secondary metabolites 
(phenolics and flavonoids),[22] while the other reported 
predominance of AMF in roots of C. papaya responsible for its 
growth.[23]

A study on virus (sugarcane mosaic virus) infected Zea mays 
reported the significant accumulation of salicylic acid (defence 
signal),[24] and another study confirms its association with AMF 
for productivity enhancement.[25] An increase in the phenolic 
content was observed in virus-infected Solanum lycopersicum,[26] 
and in another study, the same plant was also found to be 
associated with AMF required for its optimum growth and 
development.[27] The associated interactions among plant-virus[28] 
and plant-fungi have been represented in Table 1. The literature 
revealed that the tripartite association involving plant, fungus, 
and virus has not been much explored so far.

In a study by Marquez et al., (2007), a tripartite association has 
been observed in tropical panic grass, virus and fungus. The fungus 
(Curvularia protuberata) present in the host grass encompasses a 
dsRNA virus, which enables it to survive under excessive heat. The 
existence of a mycovirus in a fungal endophyte enables it to adapt 
against thermal stress, and in return virus sustains its survival in 
the respective host.[29] Based on the discussion mentioned above, 
the proposed tripartite association involving plant-fungus-
virus has been represented in Figure 1, which predicted a direct 
mutualistic interaction among plant-fungus and fungus-virus, 
whereas an indirect association has been observed between plant 
and virus.

CONCLUSION

Mutualistic relationships served as an important marker for 
organisms surviving in extremes of nature. The two-way 
mutualistic association has been commonly observed among 
plant-fungi, plant-viruses. Modulation of secondary metabolites 
was also observed in these two-way mutualistic associations, but 
the complexities of the tripartite association have not been explored 
so far. The information incorporated in this communication will 
serve as a conceptual framework to study more insights about the 
tripartite association involving plant-fungus-virus.

ABBREVIATIONS

AMF: Arbuscular mycorrhizal fungi; TMV: Tobacco mosaic 
virus; dsRNA: double-stranded RNA.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interest

REFERENCES
1.  Nawaz M, Sun J, Shabbir S, Khattak WA, Ren G, Nie X, et al. A review of plants 

strategies to resist biotic and abiotic environmental stressors. Sci Total Environ. 
2023;900:165832. Available from: doi: 10.1016/j.scitotenv.2023.165832.

2.  Ben Rejeb I, Pastor V, Mauch-Mani B. Plant responses to simultaneous biotic and 
abiotic stress: molecular mechanisms. Plants. 2014;3(4):458-75. Available from: DOI:  
10.3390/plants3040458.

3.  El-Metwally MM, Mekawey AAI, El-Halmouch Y, Naga NG. Symbiotic relationships 
with fungi: From Mutualism to parasitism. In: Plant mycobiome: diversity, interactions 
and uses. Cham: Springer International Publishing; 2023. p. 375-413. Available from: 
DOI: 10.1007/978-3-031-28307-9_15.

4.  Price PW. An overview of organismal interactions in ecosystems in evolutionary and 
ecological time. Agric Ecosyst Environ. 1988;24(1-3):369-77. Available from: https://d 
oi.org/10.1016/0167-8809(88)90080-1.

5.  Hirsch AM. Plant-microbe symbioses: a continuum from commensalism to parasitism. 
Symbiosis. 2004;37(1-3):345-63.

6.  Sapp J. Evolution by Association: A History of Symbiosis. United Kingdom: Oxford 
University Press; 1994.

7.  Law R. Evolution in a mutualistic environment. The Biology of Mutualism, Ecology 
and Evolution. Oxford University Press, New York, NY; 1985. p. 145-70.

Figure 1: Symbiosis-mediated modulation of secondary metabolites.



Pharmacognosy Reviews, Vol 20, Issue 39, Jan-Jun, 2026 101

Arya and Parmar: Interkingdom Three-Way Synergy Adaptation

8.  Connor RC. The benefits of mutualism: a conceptual framework. Biol Rev. 
1995;70(3):427-57. Available from: https://doi.org/10.1111/j.1469-185X.1995.tb011 
96.x.

9.  Bronstein JL, Alarcón R, Geber M. The evolution of plant–insect mutualisms. New 
Phytol. 2006;172(3):412-28. Available from: https://doi.org/10.1111/j.1469-8137.20 
06.01864.x.

10.  Boyno G, Demir S. Plant-mycorrhiza communication and mycorrhizae in inter-plant 
communication. Symbiosis. 2022;86(2):155-68. Available from: https://doi.org/10.10 
07/s13199-022-00837-0.

11.  Ward PS, Branstetter MG. The acacia ants revisited: convergent evolution and 
biogeographic context in an iconic ant/plant mutualism. Proc R Soc B Biol Sci. 
2017;284(1850):20162569. Available from: https://doi.org/10.1098/rspb.2016.2569.

12.  Defossez E, Selosse MA, Dubois MP, Mondolot L, Faccio A, Djieto‐Lordon C, et al. 
Ant‐plants and fungi: a new three-way symbiosis. New Phytol. 2009;182(4):942-9. 
Available from: https://doi.org/10.1111/j.1469-8137.2009.02793.x.

13.  Srivastava A, Agrawal L, Raj R, Jaidi M, Raj SK, Gupta S, et al. Ageratum enation virus 
infection induces programmed cell death and alters metabolite biosynthesis in 
Papaver somniferum. Front Plant Sci. 2017;8:1172. Available from: https://doi.org/1 
0.3389/fpls.2017.01172.

14.  Zaim M, Lal RK, Verma RK, Pandey R. Studies on effect of poppy mosaic virus infection 
on poppy produce and some secondary metabolites. In: International Symposium on 
Papaver 1036. 2011 Feb. p. 151-5. Available from: 10.17660/ActaHortic.2014.1036.16.

15.  Pandey SS, Singh S, Babu CV, Shanker K, Srivastava NK, Kalra A. Endophytes of opium 
poppy differentially modulate host plant productivity and genes for the biosynthetic 
pathway of benzylisoquinoline alkaloids. Planta. 2016;243(5):1097-114. Available fr 
om: 9

16.  Gachon C, Baltz R, Saindrenan P. Over-expression of a scopoletin glucosyltransferase 
in Nicotiana tabacum leads to precocious lesion formation during the hypersensitive 
response to tobacco mosaic virus but does not affect virus resistance. Plant Mol Biol. 
2004;54(1):137-46.

17.  Begum N, Akhtar K, Ahanger MA, Iqbal M, Wang P, Mustafa NS, et al. Arbuscular 
mycorrhizal fungi improve growth, essential oil, secondary metabolism, and yield 
of tobacco (Nicotiana tabacum L.) under drought stress conditions. Environ Sci Pollut 
Res. 2021;28(33):45276-95.

18.  Zhang Z, He H, Yan M, Zhao C, Lei C, Li J, et al. Widely targeted analysis of metabolomic 
changes of Cucumis sativus induced by cucurbit chlorotic yellows virus. BMC Plant 
Biol. 2022;22(1):158.

19.  Chen S, Zhao H, Zou C, Li Y, Chen Y, Wang Z, et al. Combined inoculation with multiple 
arbuscular mycorrhizal fungi improves growth, nutrient uptake and photosynthesis 
in cucumber seedlings. Front Microbiol. 2017;8:2516.

20.  Mihálik D, Hančinský R, Kaňuková Š, Mrkvová M, Kraic J. Elicitation of hyoscyamine 
production in Datura stramonium L. plants using tobamoviruses. Plants. 
2022;11(23):3319.

21.  Garrido E, Bennett AE, Fornoni J, Strauss SY. Variation in arbuscular mycorrhizal fungi 
colonization modifies the expression of tolerance to above‐ground defoliation. J 
Ecol. 2010;98(1):43-9.

22.  Maridueña-Zavala MG, Noceda C, Okla MK, Cevallos-Cevallos JM, Beemster GT, 
AbdElgawad H. Babaco Mosaic Virus BabMV induces defense metabolite production 
in papaya plants (Carica papaya). Plant Physiol Biochem. 2025; 110418.

23.  Khade WS, Rodrigues BF. Studies on arbuscular mycorrhisation of papaya. Afr Crop 
Sci J. 2009;17(3).

24.  Yuan W, Jiang T, Du K, Chen H, Cao Y, Xie J, et al. Maize phenylalanine ammonia‐
lyases contribute to resistance to Sugarcane mosaic virus infection, most likely 
through positive regulation of salicylic acid accumulation. Mol Plant Pathol. 
2019;20(10):1365-78.

25.  Suharno S, Soetarto ES, Sancayaningsih RP, Kasiamdari RS. Association of arbuscular 
mycorrhizal fungi (AMF) with Brachiaria precumbens (Poaceae) in tailing and its 
potential to increase the growth of maize (Zea mays). Biodiversitas. 2017;18(1).

26.  Baker CJ, Owens RA, Whitaker BD, Mock NM, Roberts DP, Deahl KL, et al. Effect of 
viroid infection on the dynamics of phenolic metabolites in the apoplast of tomato 
leaves. Physiol Mol Plant Pathol. 2010;74(3-4):214-20.

27.  Hsieh YH, Wei YH, Lo JC, Pan HY, Yang SY. Arbuscular mycorrhizal symbiosis enhances 
tomato lateral root formation by modulating CEP2 peptide expression. New Phytol. 
2022;235(1):292-305.

28.  Mishra J, Srivastava R, Trivedi PK, Verma PC. Effect of virus infection on the secondary 
metabolite production and phytohormone biosynthesis in plants. Biotech. ​
2020;10(12):547.

29.  Márquez LM, Redman RS, Rodriguez RJ, Roossinck MJ. A virus in a fungus in a plant: 
three-way symbiosis required for thermal tolerance. science. 2007;315(5811):513-5.

Cite this article: Arya V, Parmar RK. Interkingdom Three-Way Synergy Modulating Adaptation and Secondary Metabolites. Pharmacog Rev. 2026;20(39):98-101.


