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RESUMO 

Desvendando a interação cana-de-açúcar-Diatraea saccharalis-fungos oportunistas em 

cana-de-açúcar  

As plantas respondem ao ataque de insetos e patógenos induzindo e acumulando 
um grande conjunto de proteínas de defesa. A colonização do caule de cana por fungos 
oportunistas, como Fusarium verticillioides e Colletotrichum falcatum, geralmente ocorre após o 
ataque de lagartas de Diatraea saccharalis (Lepidoptera: Cambridae), resultando no aumento do 
dano causado pelo inseto. Dois homólogos da proteína BARWIN foram identificados em 
cana-de-açúcar, SUGARWIN1 e SUGARWIN2. A expressão desses genes é induzida em 
resposta ao ferimento mecânico e ao ataque de Diatraea saccharalis, entretanto, a proteína não 
afeta o desenvolvimento do inseto, mas promove alterações morfológicas e fisiológicas 
significativas em Fusarium verticillioides e Colletotrichum falcatum, causando a morte destes fungos 
por apoptose. Esses dados indicam que as SUGARWINs podem funcionar como uma 
defesa inicial contra a infecção fúngica. Neste estudo, aprofundamos nosso entendimento do 
papel das SUGARWINs na defesa de plantas e os mecanismos moleculares pelos quais essas 
proteínas afetam os fungos, elucidando seus alvos moleculares. Nossos resultados mostraram 
que as SUGARWINs desempenham um papel importante na defesa da planta contra 
patógenos oportunistas. Foi demonstrado que essas proteínas também são induzidas por C. 
falcatum em cana-de-açúcar, e sua indução pode variar entre as variedades de cana-de-açúcar. 
A variedade de cana-de-açúcar que apresentou o maior nível de indução de SUGARWINs 
apresentou uma redução considerável na infecção por C. falcatum. Além disso, SUGARWIN1 
exibiu atividade de ribonuclease e quitinase, enquanto que SUGARWIN2 exibiu apenas 
atividade de quitinase. Esta especificidade enzimática parece ser o resultado da composição 
divergente de aminoácidos no sítio de ligação do substrato. Além disso, as plantas atacadas 
por insetos e patógenos exibem profundas alterações fisiológicas, morfológicas e químicas ou 
adaptações, que podem resultar em atração ou repelência do organismo, dessa forma, 
estudamos também a associação inseto-fungos na cana-de-açúcar, e o papel dos compostos 
voláteis fúngicos nessa associação. Nossos resultados mostraram que D. saccharalis influencia 
positivamente a infecção por C. falcatum em cana-de-açúcar, induzindo crescimento rápido do 
fungo quando comparado ao tratamento com C. falcatum sem ataque de D. saccharalis. Além 
disso, ambos os fungos, C. falcatum e F. verticillioides, mostraram um efeito duplo sobre 
lagartas de D. saccharalis, promovendo uma forte atração desses insetos devido à emissão de 
compostos orgânicos voláteis e influenciando positivamente a alimentação de D. saccharalis e 
ganho de peso em dietas suplementadas com fungos. Os compostos orgânicos voláteis 
fúngicos de C. falcatum e F. verticillioides foram identificados e quantificados; acoradieno e 
acorenol foram especificamente induzidos pelos fungos. Estes dados sugerem uma interação 
sinergistica, mediada por compostos orgânicos voláteis, entre D. saccharalis e os fungos C. 
falcatum e F. verticillioides em cana-de-açúcar. 

Palavras-chave: Cana-de-açúcar; SUGARWIN; BARWIN; Colletotrichum  falcatum; 
Fusarium verticillioides; Quitinase; RNase; Broca da cana; Interação 
planta-inseto-fungo 
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ABSTRACT 

Unraveling sugarcane-Diatraea saccharalis-opportunistic fungi interaction in sugarcane 

Plants respond to insect and pathogen attack by inducing and accumulating a 
large set of defense proteins. Colonization of sugarcane stalk by opportunistic fungi, 
such as Fusarium verticillioides and Colletotrichum falcatum, usually occurs after Diatraea 
saccharalis (Lepidoptera: Cambridae) caterpillars attack increasing the damage caused 
by the borer. Two homologous of BARWIN protein were identified in sugarcane, 
SUGARWIN1 and SUGARWIN2. Their gene expression is induced in response to 
wound and Diatraea saccharalis damage. However, the recombinant SUGARWIN 
protein does not affect insect development; but promotes significant morphological 
and physiological changes in Fusarium verticillioides and Colletotrichum falcatum, which 
lead to fungal cell death via apoptosis, indicating that SUGARWINs may work as a 
first layer of defense against the fungi infection. In this study, we deepen our 
understanding of the role of SUGARWINs in plant defense and the molecular 
mechanisms by which these proteins affect fungi by elucidating their molecular 
targets. Our results show that SUGARWINs play an important role in plant defense 
against opportunistic pathogens. We demonstrated that SUGARWINs are induced 
by C. falcatum, and the induction of SUGARWINs can vary among sugarcane 
varieties. The sugarcane variety exhibiting the highest level of SUGARWIN 
induction exhibited a considerable reduction in C. falcatum infection. Furthermore, 
SUGARWIN1 exhibited ribonuclease and chitinase activity, whereas SUGARWIN2 
exhibited only chitinase activity. This variable enzymatic specificity seems to be the 
result of divergent amino acid composition within the substrate-binding site. 
Additionally, plants attacked by insects and pathogens display profound 
physiological, morphological and chemical changes or adaptations, which may result 
in organism attraction or avoidance. In this study, we also aimed to understand the 
insect-fungi association in sugarcane and the role of fungal volatile compounds in 
this association. Our results have shown that D. saccharalis positively influences C. 
falcatum infection on sugarcane, inducing a fast growing when compared to C. falcatum 
treatment without D. saccharalis attack. In addition, both fungi, C. falcatum and F. 
verticillioides, have been shown a double effect on D. saccharalis caterpillar, they 
promoted a strong attraction for insects due volatile organic compound emission and 
positively influenced D. saccharalis feeding and weight gain in diets supplemented with 
fungi. Fungal volatile organic compounds from C. falcatum and F. verticillioides were 
identified and quantified; acoradiene and acorenol were specifically induced by the 
fungi. These data suggest a synergistic interaction, mediated by organic volatile 
compounds, between D. saccharalis and the fungi C. falcatum and F. verticillioides in 
sugarcane. 

Keywords: Sugarcane; SUGARWIN; BARWIN; Colletotrichum  falcatum; Fusarium 
verticillioides; Chitinase; RNase; Sugarcane borer; Plant-insect-fungus 
interaction 
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1. INTRODUCTION 

Plants are constantly submitted to a wide range of biotic stresses simultaneously and 

developed strategies to recognize insects attack and pathogen infections in order to reduce its 

damages [1-7]. Damage on plant by herbivore or pathogens can cause variation in plant chemical 

profile and metabolites, affecting the plant organic volatile and non-volatile compounds 

production and the nutrients profile from plants in addition to visual cues [8-10]. These changes 

can influence the insect behavior and pathogen infections, affecting the plant fitness [9-13]. 

Insects have been evolving sophisticated sensorial systems, which allow them to find 

sexual partners, food sources, habitat, oviposition sites and to escape from predators [14]. The 

olfactory system permits the insect to detect, identify and develop a behavior depending on a 

mixture of volatile compounds [15-17]. On the other hand, microorganisms such as fungi can 

directly produce volatile organic compounds (VOCs) or can indirectly induce plants to produce 

VOCs, which can affect insect attraction or repellence [18-20].  

In addition to olfactory cues, visual cues are also important for insects to assist in the 

identification of food sources and oviposition places [21-24]. The infection by pathogens can 

interfere on plant color and morphology, which in turn affect insect choice [21, 25]. Some 

pathogens have also the ability to mimic parts of the plant to attract insects that will disseminate 

them [26, 27]. In other situations, plants can mimic fungus-infected foliage to attract pollinators, 

as such in the orchid Cypripedium fargesii, that shows blackish hairy spots on the upper surface of 

foliage to imitate black mold spots, using it as short-term visual cues [28].  

Plant pathogens can affect herbivorous insects directly when they feed on mycelia or 

spores, absorbing their toxins, or indirectly due to changes on plant nutritional quality, being able 

to modify calcium, phosphorous, nitrogen levels, and amino acid composition [10, 29-31]. 

Furthermore, fungal enzymes, including those involved in the external digestion of plant 

polymers, have a role in plant-fungi-insect interaction, facilitating insect digestibility [32, 33].  

Changes in plant metabolism can be favorable to insects [34]. For example,  in peanut 

plants, the beet armyworm Spodoptera exigua prefer leaf tissue infected with white mold (Sclerotium 

rolfsii) due an increase in soluble sugars when compared to control plants [35]. The plant infection 

by pathogens can also negatively affect the associated insect resulting in avoidance of oviposition, 

decrease of larval development and increase of larval and pupal mortality [36]. The avoidance of 

insects to plant infected by pathogens can be result of plant metabolic changes, or due toxins 

produced by fungi, such as destruxins produced by Alternaria brassicae [37], enniatins produced by 

Fusarium avenaceum, and deoxynivalenol and zearalenone produced by F. culmorum [18]. 
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Furtermore, the pathogen infection can result in plant nutritional deficiency, resulting in slower 

insect development, when compared to healthy plants [38]. Another important nutritional 

compound for insects are the sterols. They are important to insects lipid biostructures as 

precursors to steroid hormones and as regulators of developmental processes [39]. However, 

insects are not able to produce sterols, therefore, they have to obtain it from their diets [39] or 

from fungi [40-42].  

Plants response to pathogens and herbivore insects depends on the timescale, order of 

attack and plant genotype [43-45]. Rice plants infected by Xanthomonas oryzae pv. oryzae spend 

three days to show increased resistance to the insect Nilaparvata lugens, [21]. Furthermore, in 

herbivore-susceptible genotypes of cottonwood trees, the fungi Drepanopeziza populi  infection 

reduced the herbivory more than in herbivore-resistant genotypes assuming that differences in 

resistance to herbivory was eliminated due the pathogen infection [45]. The combined impact on 

plant performance by herbivores and phytopathogens is usually additive [46]. In this way, plants 

can activate the defense against phythopathogens even when was first attacked by herbivorous 

insect [47].   

In sugarcane, the attack of sugarcane borer, Diatraea sachharalis, preceeds the infection by 

two opportunistic fungi Fusarium verticillioides and Colletotrichum falcatum.  Sugarcane-attacked plants 

induce a large set of defense proteins, including proteins called SUGARWINs. SUGARWIN1 

and SUGARWIN2 are defense proteins from sugarcane that show a signal peptide and a 

BARWIN-like domain [47]. BARWIN-like proteins have been described in a several plant species 

[47-59], and some of them have shown antifungal activity [52, 53, 55, 57, 58, 60, 61]. 

SUGARWIN1 and 2 are secreted proteins and are induced in response to D. saccharalis, methyl 

jasmonate and wound [47]. SUGARWIN2 does not affect insect development, however it 

promotes significant morphological and physiological changes in Fusarium verticillioides and 

Colletotrichum falcatum, which lead to fungal cell death by apoptosis, and may work as a first layer 

of defense against the fungi infection [47, 62].  

The understanding of microorganism-insect-plant interactions is crucial, not only to 

assist the development of new genetic varieties but also to integrated pest management programs. 

In the first chapter of this study, we deepen our understanding of the role of SUGARWINs in 

plant defense and the molecular mechanisms by which these proteins affect fungi by elucidating 

their molecular targets. We also aimed to identify differences in SUGARWIN induction using 

different sugarcane varieties, and evaluated the gene induction in response to C. falcatum infection. 

We investigated if sugarcane varieties with a higher induction of SUGARWINs are less 

susceptible to infection by C. falcatum. In the second chapter of this study, we investigated the 
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close association between the opportunistic fungi and the sugarcane borer. We investigated 

whether the fungi F. verticillioides and C. falcatum establish mutualistic interaction with the 

sugarcane borer by testing whether D. saccharalis herbivory influences fungal colonization in 

sugarcane; and whether fungal colonization affects D. saccharalis performance, feeding and 

olfactory behavior.  

 

LITERATURE CITED 

 

1. Kessler A, Baldwin IT. Plant responses to insect herbivory: The emerging molecular analysis. 

Annual Review of Plant Biology. 2002;53:299-328. doi: 

10.1146/annurev.arplant.53.100301.135207. PubMed PMID: WOS:000177183300013. 

2. Bent AF, Mackey D. Elicitors, effectors, and R genes: The new paradigm and a lifetime 

supply of questions. Annual Review of Phytopathology. 2007;45:399-436. doi: 

10.1146/annurev.phyto.45.062806.094427. PubMed PMID: WOS:000249481200017. 

3. Pieterse CMJ, Leon-Reyes A, Van der Ent S, Van Wees SCM. Networking by small-molecule 

hormones in plant immunity. Nature Chemical Biology. 2009;5(5):308-16. doi: 

10.1038/nchembio.164. PubMed PMID: WOS:000265427000011. 

4. Thomma B, Eggermont K, Penninckx I, Mauch-Mani B, Vogelsang R, Cammue BPA, et al. 

Separate jasmonate-dependent and salicylate-dependent defense-response pathways in 

Arabidopsis are essential for resistance to distinct microbial pathogens. Proceedings of the 

National Academy of Sciences of the United States of America. 1998;95(25):15107-11. doi: 

10.1073/pnas.95.25.15107. PubMed PMID: WOS:000077436700093. 

5. Walling LL. The myriad plant responses to herbivores. Journal of Plant Growth Regulation. 

2000;19(2):195-216. PubMed PMID: WOS:000089981700007. 

6. Xu Y, Chang PFL, Liu D, Narasimhan ML, Raghothama KG, Hasegawa PM, et al. Plant 

defense genes are synergistically induced by ethylene and methyl jasmonate. Plant Cell. 

1994;6(8):1077-85. doi: 10.1105/tpc.6.8.1077. PubMed PMID: WOS:A1994PD75100006. 

7. Ryan CA. Protease inhibitors in plants: genes for improving defenses against insects and 

pathogens. Annual review of phytopathology. 1990;28(1):425-49. 

8. Dicke M, Baldwin IT. The evolutionary context for herbivore-induced plant volatiles: beyond 

the 'cry for help'. Trends in Plant Science. 2010;15(3):167-75. doi: 

10.1016/j.tplants.2009.12.002. PubMed PMID: WOS:000276519800007. 

 



14 

9. Hatcher PE, Paul ND, Ayres PG, Whittaker JB. The effect of a foliar disease (rust) on the 

development of Gastrophysa-viridula (Coleoptera, Chrysomelidae). Ecological Entomology. 

1994;19(4):349-60. doi: 10.1111/j.1365-2311.1994.tb00252.x. PubMed PMID: 

WOS:A1994PP97000007. 

10. Hatcher PE. 3-way interactions between plant-pathogenic fungi, herbivorous insects and their 

host plants. Biological Reviews. 1995;70(4):639-94. doi: 10.1111/j.1469-185X.1995.tb01655.x. 

PubMed PMID: WOS:A1995TH86000005. 

11. Shapiro L, De Moraes CM, Stephenson AG, Mescher MC. Pathogen effects on vegetative 

and floral odours mediate vector attraction and host exposure in a complex pathosystem. 

Ecology Letters. 2012;15(12):1430-8. doi: 10.1111/ele.12001. PubMed PMID: 

WOS:000310250600010. 

12. Schroder F. Induced chemical defense in plants. Angewandte Chemie-International Edition. 

1998;37(9):1213-6. doi: 10.1002/(sici)1521-3773(19980518)37:9<1213::aid-anie1213>3.3.co;2-

s. PubMed PMID: WOS:000074426500004. 

13. Cardoza YJ, Tumlinson JH. Compatible and incompatible Xanthomonas infections 

differentially affect herbivore-induced volatile emission by pepper plants. Journal of Chemical 

Ecology. 2006;32(8):1755-68. doi: 10.1007/s10886-006-9107-y. PubMed PMID: 

WOS:000239722000013. 

14. Gadenne C, Barrozo RB, Anton S. Plasticity in Insect Olfaction: To Smell or Not to Smell? 

Annu Rev Entomol. 2016;61:317-33. Epub 2016/03/18. doi: 10.1146/annurev-ento-010715-

023523. PubMed PMID: 26982441. 

15. Turlings TCJ, Loughrin JH, McCall PJ, Rose USR, Lewis WJ, Tumlinson JH. How caterpillar-

damaged plants protect themselves by attracting parasitic wasps. Proceedings of the National 

Academy of Sciences of the United States of America. 1995;92(10):4169-74. doi: 

10.1073/pnas.92.10.4169. PubMed PMID: WOS:A1995QX87600018. 

16. Loughrin JH, Manukian A, Heath RR, Tumlinson JH. Volatiles emitted by different cotton 

varieties damaged by feeding beet armyworm larvae. Journal of Chemical Ecology. 

1995;21(8):1217-27. doi: 10.1007/bf02228321. PubMed PMID: WOS:A1995RV36300011. 

17. De Moraes CM, Lewis WJ, Pare PW, Alborn HT, Tumlinson JH. Herbivore-infested plants 

selectively attract parasitoids. Nature. 1998;393(6685):570-3. PubMed PMID: 

WOS:000074150100050. 

 

 



15 

 

18. Guo Z, Doell K, Dastjerdi R, Karlovsky P, Dehne H-W, Altincicek B. Effect of fungal 

colonization of wheat grains with Fusarium spp. on food choice, weight gain and mortality of 

meal beetle larvae (Tenebrio molitor). Plos One. 2014;9(6). doi: 

10.1371/journal.pone.0100112. PubMed PMID: WOS:000337738600096. 

19. McFarlane SA, Govender P, Rutherford RS. Interactions between Fusarium species from 

sugarcane and the stalk borer, Eldana saccharina (Lepidoptera: Pyralidae). Annals of Applied 

Biology. 2009;155(3):349-59. doi: 10.1111/j.1744-7348.2009.00345.x. PubMed PMID: 

WOS:000271709100006. 

20. Bartelt RJ, Wicklow DT. Volatiles from Fusarium verticillioides (Sacc.) Nirenb. and their 

attractiveness to nitidulid beetles. Journal of Agricultural and Food Chemistry. 

1999;47(6):2447-54. doi: 10.1021/jf9901340. PubMed PMID: WOS:000080910800045. 

21. Sun Z, Liu Z, Zhou W, Jin HA, Liu H, Zhou AM, et al. Temporal interactions of plant - 

insect - predator after infection of bacterial pathogen on rice plants. Scientific Reports. 

2016;6. doi: 10.1038/srep26043. PubMed PMID: WOS:000375979600001. 

22. Rizvi SZM, Raman A. Epiphyas postvittana (Lepidoptera: Tortricidae)-Botrytis cinerea (Helotiales: 

Sclerotiniaceae)-Vitis vinifera (Vitales: Vitaceae) Interaction: The Role of B. cinerea on the 

Development of E. postvittana in Synthetic Nutritional Media. Journal of Economic 

Entomology. 2015;108(4):1646-54. doi: 10.1093/jee/tov131. PubMed PMID: 

WOS:000360626600022. 

23. Arnold SEJ, Stevenson PC, Belmain SR. Shades of yellow: interactive effects of visual and 

odour cues in a pest beetle. Peerj. 2016;4. doi: 10.7717/peerj.2219. PubMed PMID: 

WOS:000380067300007. 

24. Warrant E, Dacke M. Visual Navigation in Nocturnal Insects. Physiology. 2016;31(3):182-92. 

doi: 10.1152/physiol.00046.2015. PubMed PMID: WOS:000373597300003. 

25. Hodge S, Powell G. Conditional facilitation of an aphid vector, Acyrthosiphon pisum, by the 

plant pathogen, pea enation mosaic virus. Journal of Insect Science. 2010;10. PubMed PMID: 

WOS:000282593700001. 

26. Ngugi HK, Scherm H. Mimicry in plant-parasitic fungi. Fems Microbiology Letters. 

2006;257(2):171-6. doi: 10.1111/j.1574-6968.2006.00168.x. PubMed PMID: 

WOS:000236175500001. 

27. Kaiser R. Flowers and fungi use scents to mimic each other. Science. 2006;311(5762):806-7. 

doi: 10.1126/science.1119499. PubMed PMID: WOS:000235374900035. 

 



16 

28. Ren ZX, Li DZ, Bernhardt P, Wang H. Flowers of Cypripedium fargesii (Orchidaceae) fool flat-

footed flies (Platypezidae) by faking fungus-infected foliage. Proceedings of the National 

Academy of Sciences of the United States of America. 2011;108(18):7478-80. doi: 

10.1073/pnas.1103384108. PubMed PMID: WOS:000290203100043. 

29. Babikova Z, Gilbert L, Bruce T, Dewhirst SY, Pickett JA, Johnson D. Arbuscular mycorrhizal 

fungi and aphids interact by changing host plant quality and volatile emission. Functional 

Ecology. 2014;28(2):375-85. PubMed PMID: WOS:000332777500009. 

30. De La Fuente L, Parker JK, Oliver JE, Granger S, Brannen PM, van Santen E, et al. The 

Bacterial Pathogen Xylella fastidiosa Affects the Leaf Ionome of Plant Hosts during Infection. 

Plos One. 2013;8(5). doi: 10.1371/journal.pone.0062945. PubMed PMID: 

WOS:000319654700085. 

31. Al-Naemi F, Hatcher PE. Contrasting effects of necrotrophic and biotrophic plant pathogens 

on the aphid Aphis fabae. Entomologia Experimentalis Et Applicata. 2013;148(3):234-45. doi: 

10.1111/eea.12091. PubMed PMID: WOS:000322948900004. 

32. Carruthers RI, Bergstrom GC, Haynes PA. Accelerated development of the European corn-

borer, Ostrinia nubilalis (Lepidoptera, Pyralidae), induced by interactions with Colletotrichum 

graminicola (Melanconiales, Melanconiaceae), the causal fungus of maize anthracnose. Annals 

of the Entomological Society of America. 1986;79(3):385-9. PubMed PMID: 

WOS:A1986C244500001. 

33. Thompson BM, Grebenok RJ, Behmer ST, Gruner DS. Microbial Symbionts Shape the Sterol 

Profile of the Xylem-Feeding Woodwasp, Sirex noctilio. Journal of Chemical Ecology. 

2013;39(1):129-39. doi: 10.1007/s10886-012-0222-7. PubMed PMID: 

WOS:000314363000013. 

34. Friedli J, Bacher S. Mutualistic interaction between a weevil and a rust fungus, two parasites 

of the weed Cirsium arvense. Oecologia. 2001;129(4):571-6. PubMed PMID: 

WOS:000172685100011. 

35. Cardoza YJ, Lait CG, Schmelz EA, Huang J, Tumlinson JH. Fungus-induced biochemical 

changes in peanut plants and their effect on development of beet armyworm, Spodoptera exigua 

Hubner (Lepidoptera : Noctuidae) larvae. Environmental Entomology. 2003;32(1):220-8. doi: 

10.1603/0046-225x-32.1.220. PubMed PMID: WOS:000181429900027. 

36. Kruess A. Indirect interaction between a fungal plant pathogen and a herbivorous beetle of 

the weed Cirsium arvense. Oecologia. 2002;130(4):563-9. doi: 10.1007/s00442-001-0829-9. 

PubMed PMID: WOS:000174695700010. 



17 

 

37. Rostas M, Hilker M. Asymmetric plant-mediated cross-effects between a herbivorous insect 

and a phytopathogenic fungus. Agricultural and Forest Entomology. 2002;4(3):223-31. doi: 

10.1046/j.1461-9563.2002.00147.x. PubMed PMID: WOS:000208952500010. 

38. Hatcher PE, Paul ND, Ayres PG, Whittaker JB. Interactions between Rumex spp, herbivores 

and a rust fungus - Gastrophysa-viridula Grazing reduces subsequent infection by Uromyces-

rumicis. Functional Ecology. 1994;8(2):265-72. doi: 10.2307/2389910. PubMed PMID: 

WOS:A1994NH50200014. 

39. Behmer ST, Nes WD. Insect sterol nutrition and physiology: A global overview. Advances in 

Insect Physiology, Vol 31. 2003;31:1-72. doi: 10.1016/s0065-2806(03)31001-x. PubMed 

PMID: WOS:000187509900001. 

40. Nasir H, Noda H. Yeast-like symbiotes as a sterol source in anobiid beetles (Coleoptera, 

Anobiidae): Possible metabolic pathways from fungal sterols to 7-dehydrocholesterol. 

Archives of Insect Biochemistry and Physiology. 2003;52(4):175-82. doi: 10.1002/arch.10079. 

PubMed PMID: WOS:000181870500002. 

41. Bentz BJ, Six DL. Ergosterol content of fungi associated with Dendroctonus ponderosae and 

Dendroctonus rufipennis (Coleoptera : Curculionidae, Scolytinae). Annals of the Entomological 

Society of America. 2006;99(2):189-94. doi: 10.1603/0013-

8746(2006)099[0189:ecofaw]2.0.co;2. PubMed PMID: WOS:000235963700001. 

42. Morales-Ramos JA, Rojas MG, Sittertz-Bhatkar H, Saldana G. Symbiotic relationship 

between Hypothenemus hampei (Coleoptera : Scolytidae) and Fusarium solani (Moniliales : 

Tuberculariaceae). Annals of the Entomological Society of America. 2000;93(3):541-7. doi: 

10.1603/0013-8746(2000)093[0541:srbhhc]2.0.co;2. PubMed PMID: WOS:000089631900028. 

43. Bruce TJA. Interplay between insects and plants: dynamic and complex interactions that have 

coevolved over millions of years but act in milliseconds. Journal of Experimental Botany. 

2015;66(2):455-65. doi: 10.1093/jxb/eru391. PubMed PMID: WOS:000351661400005. 

44. Mouttet R, Bearez P, Thomas C, Desneux N. Phytophagous Arthropods and a Pathogen 

Sharing a Host Plant: Evidence for Indirect Plant-Mediated Interactions. Plos One. 2011;6(5). 

doi: 10.1371/journal.pone.0018840. PubMed PMID: WOS:000290720200003. 

45. Busby PE, Lamit LJ, Keith AR, Newcombe G, Gehring CA, Whitham TG, et al. Genetics-

based interactions among plants, pathogens, and herbivores define arthropod community 

structure. Ecology. 2015;96(7):1974-84. doi: 10.1890/13-2031.1. PubMed PMID: 

WOS:000357525800024. 



18 

46. Hauser TP, Christensen S, Heimes C, Kiaer LP. Combined effects of arthropod herbivores 

and phytopathogens on plant performance. Functional Ecology. 2013;27(3):623-32. doi: 

10.1111/1365-2435.12053. PubMed PMID: WOS:000319420500006. 

47. Medeiros AH, Franco FP, Matos JL, de Castro PA, Santos-Silva LK, Henrique-Silva F, et al. 

Sugarwin: A sugarcane insect-induced gene with antipathogenic activity. Molecular Plant-

Microbe Interactions. 2012;25(5):613-24. doi: 10.1094/mpmi-09-11-0254. PubMed PMID: 

WOS:000303083000002. 

48. Friedrich L, Moyer M, Ward E, Ryals J. Pathogenesis-related protein-4 is structurally 

homologous to the carboxy-terminal domains of hevein, win-1 and win-2. Molecular &amp; 

General Genetics. 1991;230(1-2):113-9. doi: 10.1007/bf00290658. PubMed PMID: 

WOS:A1991GR24600018. 

49. Linthorst HJM, Danhash N, Brederode FT, Vankan JAL, Dewit P, Bol JF. Tobacco and 

tomato PR proteins homologous to win and pro-hevein lack the hevein domain. Molecular 

Plant-Microbe Interactions. 1991;4(6):586-92. PubMed PMID: WOS:A1991GP64500007. 

50. Potter S, Uknes S, Lawton K, Winter AM, Chandler D, Dimaio J, et al. Regulation of a 

hevein-like gene in Arabidopsis. Molecular Plant-Microbe Interactions. 1993;6(6):680-5. doi: 

10.1094/mpmi-6-680. PubMed PMID: WOS:A1993MW21500001. 

51. Caruso C, Bertini L, Tucci M, Caporale C, Leonardi L, Saccardo F, et al. Isolation and 

characterisation of wheat cDNA clones encoding PR4 proteins. DNA Sequence. 1999;10(4-

5):301-7. PubMed PMID: WOS:000166199500007. 

52. Kiba A, Saitoh H, Nishihara M, Omiya K, Yamamura S. C-terminal domain of a hevein-like 

protein from Wasabia japonica has potent antimicrobial activity. Plant and Cell Physiology. 

2003;44(3):296-303. doi: 10.1093/pcp/pcg035. PubMed PMID: WOS:000181930000009. 

53. Bravo JM, Campo S, Murillo I, Coca M, Segundo BS. Fungus- and wound-induced 

accumulation of mRNA containing a class II chitinase of the pathogenesis-related protein 4 

(PR-4) family of maize. Plant Molecular Biology. 2003;52(4):745-59. doi: 

10.1023/a:1025016416951. PubMed PMID: WOS:000184576800004. 

54. Agrawal GK, Jwa NS, Han KS, Agrawal VP, Rakwal R. Isolation of a novel rice PR4 type 

gene whose mRNA expression is modulated by blast pathogen attack and signaling 

components. Plant Physiology and Biochemistry. 2003;41(1):81-90. doi: 10.1016/s0981-

9428(02)00012-8. PubMed PMID: WOS:000181616600011. 

 

 



19 

 

55. Zhu T, Song F, Zheng Z. Molecular characterization of the rice pathogenesis-related protein, 

OsPR-4b, and its antifungal activity against Rhizoctonia solani. Journal of Phytopathology. 

2006;154(6):378-84. doi: 10.1111/j.1439-0434.2006.01110.x. PubMed PMID: 

WOS:000237599700008. 

56. Li XD, Xia B, Jiang YM, Wu QS, Wang CY, He LS, et al. A new pathogenesis-related protein, 

LrPR4, from Lycoris radiata, and its antifungal activity against Magnaporthe grisea. Molecular 

Biology Reports. 2010;37(2):995-1001. doi: 10.1007/s11033-009-9783-0. PubMed PMID: 

WOS:000273085800045. 

57. Bai S, Dong C, Li B, Dai H. A PR-4 gene identified from Malus domestica is involved in the 

defense responses against Botryosphaeria dothidea. Plant Physiology and Biochemistry. 

2013;62:23-32. doi: 10.1016/j.plaphy.2012.10.016. PubMed PMID: WOS:000314134600004. 

58. Menezes SP, de Andrade Silva EM, Lima EM, de Sousa AO, Andrade BS, Lima Lemos LS, et 

al. The pathogenesis-related protein PR-4b from Theobroma cacao presents RNase activity, 

Ca2+ and Mg2+ dependent-DNase activity and antifungal action on Moniliophthora perniciosa. 

Bmc Plant Biology. 2014;14. doi: 10.1186/1471-2229-14-161. PubMed PMID: 

WOS:000338674200001. 

59. Kim NH, Hwang BK. Pepper pathogenesis-related protein 4c is a plasma membrane-

localized cysteine protease inhibitor that is required for plant cell death and defense signaling. 

Plant Journal. 2015;81(1):81-94. doi: 10.1111/tpj.12709. PubMed PMID: 

WOS:000346918400007. 

60. Hejgaard J, Jacobsen S, Bjorn SE, Kragh KM. Antifungal activity of chitin-binding PR-4 type 

proteins from barley-grain and stressed leaf. Febs Letters. 1992;307(3):389-92. doi: 

10.1016/0014-5793(92)80720-2. PubMed PMID: WOS:A1992JH39600034. 

61. Caruso C, Nobile M, Leonardi L, Bertini L, Buonocore V, Caporale C. Isolation and amino 

acid sequence of two new PR-4 proteins from wheat. Journal of Protein Chemistry. 

2001;20(4):327-35. doi: 10.1023/a:1010905802749. PubMed PMID: WOS:000171301600008. 

62. Franco FP, Santiago AC, Henrique-Silva F, de Castro PA, Goldman GH, Moura DS, et al. 

The sugarcane defense protein SUGARWIN2 causes cell death in Colletotrichum falcatum but 

not in non-pathogenic fungi. Plos One. 2014;9(3). doi: 10.1371/journal.pone.0091159. 

PubMed PMID: WOS:000332485800109. 

 

 

 
  



20 

  



21 

 

2. STRUCTURAL AND FUNCTIONAL CHARACTERIZATION OF SUGARWINS AND 

THEIR ROLE IN PLANT DEFENSE 

 

ABSTRACT 

SUGARWIN1 and 2 are defense proteins from sugarcane. Their gene expression is 
known to be induced in response to wound and Diatraea saccharalis damage. Although the 
recombinant SUGARWIN protein does not affect insect development, it promotes 
significant morphological and physiological changes in Fusarium verticillioides and Colletotrichum 
falcatum, which lead to fungal cell death via apoptosis. In this study, we deepen our 
understanding of the role of SUGARWINs in plant defense and the molecular mechanisms 
by which these proteins affect fungi by elucidating their molecular targets. Our results show 
that SUGARWINs play an important role in plant defense against opportunistic pathogens. 
We demonstrated that SUGARWINs are induced by C. falcatum, and the induction of 
SUGARWINs can vary among sugarcane varieties. The sugarcane variety exhibiting the 
highest level of SUGARWIN induction exhibited a considerable reduction in C. falcatum 
infection. Furthermore, SUGARWIN1 exhibited ribonuclease and chitinase activity, whereas 
SUGARWIN2 exhibited only chitinase activity. This variable enzymatic specificity seems to 
be the result of divergent amino acid composition within the substrate-binding site.  

Keywords: Sugarcane; BARWIN; C. falcatum; Chitinase; RNase 

 

2.1. INTRODUCTION 

The plant defense system is under constant selective pressure to improve its response to 

pathogens and insect damage [1]. Pathogen recognition by plants activates the host defense 

response, resulting in cell wall fortification via callose and lignin synthesis, production of 

secondary metabolites such as phytoalexins that exhibit an antimicrobial effect, and accumulation 

of pathogenesis-related proteins (PR proteins) [2].  

The pathogenesis-related protein-4 (PR-4) family is a group of proteins equipped with a 

BARWIN-like domain. This domain can be associated with a chitin-binding domain, also well 

known as the hevein-like domain. This association separates the family into PR4 classes I (with 

the hevein-like domain) and II (without the hevein-like domain) [3, 4].  

BARWIN is a protein induced in barley by wounding or pathogens [5, 6]. Homologs of 

BARWIN have been identified in several plants, including tobacco [7], tomato [8], Arabidopsis [9], 

wheat [10], Wasabia japonica [11], maize [12], rice [13, 14], Lycoris radiata [15], apple [16], cacao [17], 

and pepper [18]. Our previous studies have identified two homologs of BARWIN in sugarcane: 

SUGARWIN1 and SUGARWIN2 [19]. 
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In many plant species, homologs of the BARWIN protein are associated with the plant 

response to fungal infection and mechanical wounding [5, 8, 10, 12, 13, 15]. In addition to 

SUGARWIN, antifungal activity has been described to BARWIN-like proteins found in barley 

[5], Wasabia japonica [11], wheat [20], maize [12], rice [14], apple [16] and cacao [17].  

PR-4 proteins are classified as chitinases [4, 21]; however, several studies have also 

reported RNase activity for BARWIN-like proteins [16-18, 22-25]. RNA-binding site have been 

described for WHEATWIN1 [22] and CARWIN [24]. Antifungal DNase activity was also 

observed, together with RNase activity, for the Capsicum chinense PR-4 protein [23] and the 

Theobroma cacao TcPR-4b protein [17]. 

The SUGARWIN1 and SUGARWIN2 proteins (sugarcane wound-inducible proteins) 

are believed to be part of a defense mechanism against pathogenic fungi in sugarcane plants [19, 

26]. They are secreted proteins, induced in response to mechanical wounding, methyl jasmonate 

treatment, and Diatraea saccharalis attack [19]. However, recombinant SUGARWIN2 [19] has no 

effect on insect development but triggers changes in the hyphal morphology of Fusarium 

verticillioides and Colletotrichum falcatum, including increased vacuolization, multiple points of 

fracture, and extensive leaking of intracellular material, leading to cell death [19, 26]. The effect of 

SUGARWIN2 is specific to sugarcane pathogenic fungi and is not observed in fungi such as 

Saccharomyces cerevisiae and Aspergillus nidulans, which are unrelated to sugarcane diseases [26].  

The borer Diatraea saccharalis (F.) (Lepidoptera: Pyralidae) is a major problem in 

sugarcane fields in Brazil, resulting in direct and indirect damage. Colletotrichum falcatum (Went) 

and Fusarium verticillioides (Sacc.) Nirenberg are responsible for indirect damages in sugarcane. 

These fungi take advantage of the openings produced by D. saccharalis to infect the plant [27]. In 

Brazil, usually, the presence of these insects and fungi are correlated; however, C. falcatum 

infestation in the absence of D. saccharalis has been reported in other countries, including India, 

Australia, Thailand, Fiji, and the US [28]. 

The goal of this study was to investigate the roles of SUGARWIN1 and 2 in sugarcane 

plant defense by identifying their enzymatic activity and molecular targets. We characterized both 

SUGARWIN1 and 2 as DNase, RNase or chitinase. Furthermore, molecular modeling allowed 

the identification of relevant binding-site positions via protein three-dimensional structure 

prediction. We have also demonstrated that sugarcane varieties with a higher induction of 

SUGARWINs are less susceptible to infection by C. falcatum. 
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2.2. MATERIALS AND METHODS 

2.2.1. Sugarcane variety, fungus and insects 

Several genotypes of sugarcane (Saccharum officinarum x Saccharum spontaneum, cv. SP80-

3280, SP80-1842, SP89-1115 e SP81-3250) were obtained from the Centro de Tecnologia 

Canavieira, Piracicaba, SP, Brazil. One-eyed sugarcane seed sets were disinfected with 0.01% 

chlorine, planted using a commercial planting mix (Plantmax, Eucatex, São Paulo, Brazil), and 

cultivated in a greenhouse under natural conditions.   

Diatraea saccharalis caterpillars were reared on an artificial diet [29] and were maintained 

at 25 ± 4°C and 60% ±10% relative humidity with a light phase of 14 h. Colletotrichum falcatum 

isolates were cultivated in potato dextrose (PD) (DifcoTM, Sparks, USA) medium and maintained 

at 25°C. 

 

2.2.2. SUGARWIN gene induction in different varieties of sugarcane 

Forty-day-old plants from the sugarcane genotypes SP80-3280, SP80-1842, SP89-1115 

and SP81-3250 were used to identify differences in SUGARWIN expression. The assay was 

performed according to a previously published protocol [19]. Third instar D. saccharalis caterpillars 

were starved for 12 h and individually placed on sugarcane seedling stalks. Plant material was 

collected 48 h after larval entry into the stalk region from approximately two centimeters around 

the point of inoculation and was frozen immediately. The control plants were left undisturbed, 

and was collected at 0 h and at 48 h. A pool of six plants per treatment was used, and the 

experiment was repeated twice. Analysis of SUGARWIN1 and 2 gene expression was performed 

as described in the next section, and the varieties exhibiting the greatest contrast in 

SUGARWIN1 and 2 expression levels were selected for use in the C. falcatum quantification 

assay.  

 

2.2.3. RNA isolation, cDNA synthesis and qRT-PCR  

Total RNA from the sugarcane tissue was isolated with TRIZOL reagent (Invitrogen, 

Carlsbad, USA) according to the manufacturer’s instructions, followed by DNA removal by 

treatment with 2 units of RNase-free DNase I (Fermentas, Vilnius, Lithuania) for 20 min at 

37°C. Then, the RNA was re-extracted with TRIZOL reagent to remove any trace of DNA or 
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DNase. Total RNA samples were quantified using a NanoDrop 2000 (Thermo Scientific, 

Wilmington, USA), and their quality was assessed by agarose gel electrophoresis. First-strand 

synthesis was performed using ImProm-II Reverse Transcriptase (Promega Corp., Madison, 

USA) according to the manufacturer’s instructions.  

Quantitative real-time PCR was performed using a StepOneTM Real-Time PCR system 

(Applied Biosystems, Waltham, USA) and Maxima® SYBR Green/ROX qPCR Master Mix (2X) 

(Fermentas, Vilnius, Lithuania). Gene-specific primers for SUGARWIN1, SUGARWIN2 and 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were used as described in [19], the 

primers for rRNA 25S was used as described in [30]. GAPDH and rRNA 25S were used as 

endogenous controls and exhibited the same pattern of regulation; therefore, GAPDH was 

chosen as the reference gene. The reference genes used in this work were re-validated under 

experimental conditions. The amplification efficiencies and relative expression levels were 

calculated as described in [31] using REST 2008 software, showing primers efficiencies ranging 

from 90% to 99%.  

 

2.2.4. Colletotrichum falcatum inoculation in different sugarcane varieties 

Sixty-day-old sugarcane varieties were inoculated with 1x103 C. falcatum conidia. The 

seedlings remained in a moist chamber in a greenhouse for 12 h and then were maintained for 10 

days under natural conditions without supplemental artificial light. The control plants were left 

undisturbed, and were collected at 0 h, in the beginning of the experiment, and after 10 d of 

experiment. Samples were collected from the stalk region. A pool of six plants per treatment was 

used, and the experiment was repeated twice. The plant material collected was immediately 

frozen in liquid nitrogen for later transport to the laboratory and processing or storage at -80°C.  

 

2.2.5. Plasmid standard curve for Colletotrichum falcatum quantification in sugarcane 

plants 

A plasmid standard curve was used to quantify C. falcatum contamination in sugarcane. 

This methodology uses a plasmid standard curve to quantify the number of target gene copies 

per PCR reaction. The number of plasmid molecules was determined using the following 

equation: Copies/µL= L ∙ (
𝐶

𝑚∙𝑁
) , where L represents Avogadro's constant (6.022 × 1023 
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molecules/mol), C is the concentration of DNA in g/μL, m is the molecular weight of one bp of 

DNA (660 g/mol), and N is the size of the plasmid in base pairs.  

First, C. falcatum conidia were grown in liquid PD medium for 48 h at 25°C and 250 

rpm. Mycelia were collected by vacuum filtration, and after appropriate drying, they were frozen 

in liquid nitrogen and then macerated. DNA extraction was performed according to the method 

described in [32]. The plasmid standard curve was constructed by ligating an ITS (rDNA internal 

transcribed spacer) gene fragment from C. falcatum into the pCR2.1 commercial plasmid vector 

from the TA Cloning Kit (Invitrogen) according to the manufacturer’s instructions. The ITS 

sequence was obtained from NCBI (gene bank accession number EU554112.1), and specific 

primers were designed using the program OligoPerfect™ Designer (Forward 5’ - 

GATGAAGAACGCAGCGAAAT – 3’ and Reverse 5’ - AACGGATCTCTTGGTTCTGG – 

3’). Plasmid DNA extraction was performed using a Plasmid Midi Kit (Qiagen) according to the 

manufacturer’s instructions and was quantified using a NanoDrop 2000 (Thermo Scientific, 

Wilmington, USA). The plasmid was sequenced to confirm its transformation and fragment 

orientation. Reference plasmid DNA was diluted (1:5; 1:25; 1:125; 1:625; 1:3125) to obtain 

plasmid genome equivalents for standard curve analysis. Quantification of C. falcatum in sugarcane 

plants was performed using specific ITS primers and the Standard Curve method using a PCR 

StepOneTM Real-Time PCR system (Applied Biosystems, Waltham, USA) and Maxima® SYBR 

Green/ROX qPCR Master Mix (2X) (Fermentas). The standard curves consistently 

demonstrated correlation coefficients (R2) of 0.99 and PCR efficiencies ranging from 90% to 

100% when analyzed using StepOneTM Software, version 2.0 (Applied Biosystems, Waltham, 

USA). 

 

2.2.6. Sugarcane genomic DNA extraction  

Sugarcane DNA extraction was performed according to the methods described in [33] 

and was followed by treatment with RNase for 1 h at 37°C. DNA extraction was performed a 

second time using only chloroform:isoamyl alcohol (24:1) to remove the residual phenol from the 

samples. Total DNA was quantified using a NanoDrop 2000 (Thermo Scientific, Wilmington, 

USA), and the quality was assessed with agarose gel electrophoresis. 

 

 

 

http://tools.invitrogen.com/content.cfm?pageid=9716&icid=fr-oligo-6
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2.2.7. Ribonuclease activity assay 

Ribonuclease activity was assessed as described in [34] with few modifications. Total 

RNA was isolated from C. falcatum with TRIZOL® Reagent (Invitrogen, Carlsbad, USA) 

according to the manufacturer's instructions. The detection of RNase activity of the recombinant 

SUGARWIN1 and SUGARWIN2 [19] was performed at room temperature using 12 µg RNA 

and purified protein in amounts varying from 2 to 16 µg in 10 mM Tris–HCl, pH 7.5, with 10 

mM imidazole and 5 mM NaCl. After 1 h of incubation, the results were observed on a 1% 

agarose gel. Heat-inactivated SUGARWIN1 and 2 were used as controls. 

 

2.2.8. Deoxyribonuclease activity 

The deoxyribonuclease activity assay was performed as described in [23] with few 

modifications. To determine the DNase activity of recombinant SUGARWIN1 and 

SUGARWIN2 [19], 12 µg of C. falcatum DNA was incubated with the purified protein (2 to 16 

µg) in a total volume of 25 µl in the presence of 10 mM Tris-HCl, pH 7.5, with 10 mM imidazole 

and 5 mM NaCl, in either the presence or absence of 2.5 mM MgCl2, for 1.5 h at room 

temperature. The results were observed on a 1% agarose gel. 

 

2.2.9. Chitinase activity 

Recombinant SUGARWIN1 and SUGARWIN2 [19] samples were added to SDS–

PAGE sample buffer and heated at 100°C for 10 min. The proteins were separated on a 10% 

polyacrylamide gel containing 0.01% glycol chitosan (Sigma-Aldrich, St. Louis, USA). The gel was 

cut in two parts; the negative control was not immersed in a refolding buffer, and the other part 

of the gel was immersed in a refolding buffer (50 mM Tris–HCl pH 7.5, 1% Triton X-100) at 

37°C overnight. The gel was washed with distilled water and then stained with 0.01% (w/v) 

calcofluor white M2R in 10 mM Tris–HCl (pH 7.5). After 5 min, the brightener solution was 

removed, and the gel was washed with distilled water. Protein activity was visualized by placing 

the gels on a UV transilluminator [35]. The two parts of the gel were photographed together.  
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2.2.10. SUGARWIN structure prediction and protein-ligand docking analysis 

Three-dimensional structure prediction of both SUGARWIN proteins was performed 

using MODELLER software v9.14 [36]. For this analysis, the structure of a homologous Carica 

papaya BARWIN-like protein (CARWIN - PDB: 4JP7, 1.05 Å) [24] exhibiting 76 and 71% 

identity to SUGARWIN1 and SUGARWIN2, respectively, was used as a template. Quality 

assessment of the predicted structures was performed using PROCHECK software [37], and the 

resulting Ramachandran plots are presented in Supplementary Material 1 and Supplementary 

Material 2. The structures were prepared for docking analysis using UCSF Chimera software v 

1.10.2 [38], in which 1000 steepest descent steps for energy minimization were conducted to 

remove unfavorable hydrogen contacts.  

The putative mode of interaction between SUGARWINs and chitosan was predicted 

using AutoDock Vina v 1.1.2 software. The chitosan oligosaccharide structure was obtained from 

the PubChem database [39] (CID: 3086191). The protein and ligand structures were prepared for 

docking using AutoDockTools v1.5.6 [40]. Docking analyses were performed in two steps. First, 

“blind docking” was conducted, in which a large grid box (80 x 80 x 80 grid points, with a grid 

spacing of 1 Å) was established around the protein, allowing an unbiased search of the entire 

protein surface for the putative binding site. Second, “local docking” was conducted to more 

finely search the binding site selected in the first step. Local docking was conducted using a 

smaller grid box (20 x 20 x 20 grid points with 1 Å of spacing) centered on the predicted ligand-

binding site. For each docking analysis, a total of 50 independent runs were performed, 

generating 500 putative ligand positions. The ligand position presenting the greatest predicted 

affinity to the target protein was selected for subsequent analysis. All structures were visualized 

using PyMOL software [41].  

 

2.3. RESULTS 

2.3.1. The SUGARWIN1 and 2 genes are differentially induced in sugarcane varieties 

challenged by Diatraea saccharalis caterpillar 

Our previous work showed that SUGARWINs are induced by Diatraea saccharalis, 

methyl jasmonate and wounds (Medeiros et al., 2012). In this work, we aimed to identify the 

influence of SUGARWINs in Colletotrichum falcatum contamination in sugarcane; therefore, we 

selected sugarcane varieties with different patterns of SUGARWIN gene expression. We used 
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our previous knowledge about SUGARWIN gene expression in plants under D. saccharalis attack 

to select the sugarcane varieties.   

To evaluate SUGARWIN1 and SUGARWIN2 gene induction in different sugarcane 

varieties, we exposed SP80-3280, SP80-1842, SP89-1115 and SP81-3250 plants to the caterpillar 

of Diatraea saccharalis. We observed differing levels of SUGARWIN1 up-regulation in all varieties 

tested (Fig. 1A). After 48 h of caterpillar attack, SP80-1842, SP89-1115 and SP81-3250 plants 

increased their SUGARWIN1 mRNA levels in leaf stalks by up to 523, 315 and 518 times the 

levels found in the leaf stalks of 0 h control plants. The variety exhibiting the smallest mRNA 

induction level when attacked by D. saccharalis was SP80-3280, which increased its SUGARWIN1 

mRNA level approximately 66 times compared with 0 h control plants. The 48 h control plants 

showed no significant difference when compared to the 0 h control. 

The SUGARWIN2 gene was also up-regulated following D. saccharalis attack in all 

sugarcane varieties evaluated (Fig. 1B). The increase in mRNA levels observed for the 

SUGARWIN2 gene in SP80-1842 were the highest at approximately 2.5x103 times the levels 

found in the leaf stalks of 0 h control plants. The SP89-1115, SP81-3250 and SP80-3280 varieties 

exhibited lower levels of SUGARWIN2 mRNA induction following D. saccharalis attack, with 

457, 218 and 340 times the 0 h control levels, respectively, the 48 h control plants showed no 

significant difference when compared to the 0 h control (Fig. 1B). Based on the up-regulation of 

both SUGARWIN genes upon caterpillar attack, we selected the sugarcane varieties SP80-3280 

and SP80-1842 as the low-SUGARWIN and high-SUGARWIN varieties, respectively.  

 

Figure 1. SUGARWIN gene expression in different sugarcane varieties. (A) SUGARWIN1 and (B) 
SUGARWIN2 gene expression after 48 h of Diatraea saccharalis infestation. Expression was quantified 
by qRT-PCR, and the values are presented as the mean (± standard error) transcript levels of three 
technical replicates normalized to the abundance of GAPDH. Gene expression was calculated using 
REST 2008 software [31]. Different letters indicate significant differences between treatments (P ≤ 
0.05). 
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2.3.2. High- and low-SUGARWIN varieties exhibit differential effects on Colletotrichum 

falcatum infection 

Both the high-SUGARWIN (SP80-1842) and low-SUGARWIN (SP80-3280) varieties 

were infected with C. falcatum fungus, and the levels of SUGARWIN1 and 2 mRNA were 

evaluated. The sugarcane variety SP80-1842 exhibited 2- and 100-fold inductions in 

SUGARWIN1 and SUGARWIN2 mRNA levels, respectively, after 10 d of C. falcatum treatment 

when compared with the 0 h control (Fig. 2A and B). The low-SUGARWIN variety exhibited 

0.6- and 8-fold inductions in SUGARWIN1 and SUGARWIN2 mRNA, respectively, after 10 d 

of C. falcatum treatment, when compared with the 0 h control plants (Fig. 2A and 2B); however, 

the induction of SUGARWIN1 in this sugarcane variety was not significantly different from the 

control (Fig. 2A). The 10 d control plants showed no significant difference when compared to 

the 0 h control. To monitor the growth of the fungus, we also performed a C. falcatum 

quantification in infected plants and control plants. In the high-SUGARWIN, C. falcatum growth 

was approximately half that observed in the low-SUGARWIN variety (Fig. 2C), showing an 

inverse correlation between SUGARWIN induction and C. falcatum infection. 

 

 

Figure 2. SUGARWIN gene expression and Colletotrichum falcatum quantification in sugarcane. (A) 
SUGARWIN1 and (B) SUGARWIN2 gene expression after 10 d of treatment with C. falcatum (Tc) or 
without any treatment (C-). Gene expression was quantified by qRT-PCR, and the values are 
presented as the mean (± standard error) transcript levels of three technical replicates normalized to 
the abundance of GAPDH. Regulation of expression was calculated using REST 2008 software [31]. 
Different letters indicate significant differences between treatments (P ≤ 0.05). (C) Quantification of 
C. falcatum was performed by qRT-PCR using the standard curve method and the ITS gene. The 
values are the mean (± standard error) of three technical replicates. Different letters indicate 
significant differences between treatments, as determined using a t-test (P ≤ 0.05). 
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2.3.3. SUGARWIN1 and SUGARWIN2 enzymatic activity 

To understand the SUGARWIN mechanism of action, recombinant SUGARWIN1 and 

SUGARWIN2 [19] proteins were used to perform enzymatic assays for three common BARWIN 

molecular targets: RNA, DNA, and chitin. To perform DNAse and RNase assays, the proteins 

were tested in different concentrations. Only SUGARWIN1 was able to degrade RNA, with 

increased activity at higher protein concentrations (Fig. 3A and Supplementary Material 3). The 

control, using PBS or heat-inactivated protein, did not show any change in RNA integrity. 

Neither SUGARWIN1 nor SUGARWIN2 was able to degrade the DNA in any tested 

concentration (Fig. 3B). 

To test the chitinase activity of the SUGARWINs, we used a glycol-chitosan substrate 

in an SDS-PAGE gel. (Fig. 3C - left panel) shows the SDS-PAGE stained with Coomassie blue 

after staining with calcofluor to detect chitinase activity (Fig. 3C - right panel). Our results 

showed that both SUGARWIN1 and SUGARWIN2 produced a dark band when stained with 

calcofluor, indicating substrate degradation and confirming chitinase activity for both proteins. It 

was possible to identify this activity after gel immersion in a refolding buffer. The control, heat 

inactivated protein that was not immersed in the refolding buffer, did not show any activity (Fig. 

3C - right panel).  
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Figure 3. SUGARWIN1 and SUGARWIN2 enzymatic assay. (A) RNase assay and (B) DNase 
assay. For (A): (1) Negative control (PBS), (2) heat-inactivated SUGARWIN1, (3) heat-inactivated 
SUGARWIN2, (4) active SUGARWIN1, (5) active SUGARWIN2, and (6) positive control with 
RNase. For (B): (1) Negative control (PBS), (2) heat-inactivated SUGARWIN1, (3) heat-inactivated 
SUGARWIN2, (4) active SUGARWIN1, (5) active SUGARWIN2, (6) active SUGARWIN1 + MgCl2, 
(7) active SUGARWIN2 + MgCl2 (8) positive control with DNase. The RNase assay was performed 
for 1 h and the DNase assay for 1.5 h. (C) Chitinase assay. For both panels: (1) active SUGARWIN1 
(14.2 kDa), (2) active SUGARWIN2 (16.4 kDa), (3) SUGARWIN1 without passing through the 
refolding buffer (negative control), and (4) SUGARWIN2 negative control. The left panel shows an 
SDS-PAGE gel for SUGARWIN1 and SUGARWIN2 stained with coomassie blue after the 
enzymatic assay, and the right panel shows a chitinase assay performed after SDS-PAGE containing 
0.01% (w/v) glycol-chitosan substrate. 

 

2.3.4. SUGARWIN structural characterization 

To understand the different substrate specificities observed during SUGARWIN 

analysis, the three-dimensional structure of both proteins was predicted by homology modeling. 

Several divergent amino acid positions were observed between SUGARWIN1 and 

SUGARWIN2, some of which were located on the surface of the predicted structures (Fig. 4). 

The involvement of these surface positions as putative ligand-binding sites was further analyzed 

using docking strategies. 
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Figure 4. Comparison of the primary and tertiary protein structures of SUGARWIN1 and 
SUGARWIN2. (A) Amino acid sequence alignment between SUGARWINs and CARWIN (PDB: 
4PJ7). The predicted tridimensional structures of (B) SUGARWIN1 and (C) SUGARWIN2. 
Divergent amino acid positions are highlighted in blue. 

 

Unbiased searches for a chitosan-binding site in the predicted models produced similar 

results for both SUGARWINs. Eleven common amino acid positions (numbered according to 

the CARWIN template) – 9 (Thr), 11 (His/Asn), 13 (Tyr), 26 (Ser/Gly), 27 (Ala/Thr), 28 (Tyr), 
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82 (Asp), 83 (Gln), 84 (Cys), 85 (Ser) and 90 (Asp) – were contacted by chitosan in both proteins 

by bonded and non-bonded contacts (Fig. 5). These results highlighted the presence of a highly 

similar putative chitosan-binding motif in both SUGARWINs. However, some differences were 

observed in the docking results, with two amino acid positions exclusively contacted by chitosan 

in SUGARWIN1 (Arg7 and Tyr10), and two others in SUGARWIN2 (Asn86 and Leu88). The 

chitosan putative mode of interaction was also variable in terms of contact types between 

proteins and ligand. Hydrogen bonds were predicted between chitosan and the amino acid 

positions Arg7, Asp82, Gln83 and Ser85 of SUGARWIN1 and the positions Asn11, Tyr13, 

Tyr28, Asp82, Ser85 and Asn86 of SUGARWIN2 (Fig. 5). 

 

 

Figure 5. Putative modes of interaction of (A) SUGARWIN1 and (B) SUGARWIN2 with chitosan. 

 

2.4. DISCUSSION 

Plants are constantly being attacked by insects and pathogens and have developed 

sophisticated strategies to protect themselves. In a previous study, we identified two insect-

induced genes homologous to BARWIN in sugarcane, called SUGARWIN1 and SUGARWIN2. 

SUGARWIN genes are induced in sugarcane (SP80-3280) in response to insects, wounding and 

methyl jasmonate [19]. However, the protein causes morphological and physiological changes in 

C. falcatum and F. verticillioides fungi [19, 26]. In this work, we found that SUGARWIN genes are 

induced at different levels by D. saccharalis depending on the sugarcane variety (Fig. 1). 

Nevertheless, SUGARWIN genes are also induced by C. falcatum infection in the sugarcane 

varieties SP80-1842 and SP80-3280 (Fig 2A and 2B). Interestingly, the sugarcane variety SP80-

1842, which exhibited high levels of SUGARWIN induction, was less susceptible to infection by 

C. falcatum, indicating that SUGARWINs could be linked to plant defense (Fig. 2A). This pattern 
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of plant response has been observed in other plants, such as Pseudotsuga menziesii [42], rice [43] and 

lentil [44]. The varieties that show a pattern of high PR4 gene induction after pathogen infection 

show higher tolerance to the pathogen than varieties with low gene induction [42-44]. CaPR4c, a 

BARWIN-like protein from pepper, was overexpressed in transgenic Arabidopsis plants and 

conferred greater resistance against pathogen infection [18]. SUGARWIN gene induction was 

lower in sugarcane plants when infected with C. falcatum than when attacked by D. saccharalis. This 

can be result of a higher damage caused by the caterpillar, considering that SUGARWIN genes 

are also induced by mechanical wounding [19], and the mechanical damage caused by C. falcatum 

is lower when compared to D. saccharalis mechanical damage. 

The PR4 proteins are grouped into class I and class II based on the presence or absence 

of a chitin-biding domain [4]. These proteins are classified as chitinases due to the chitinase 

activity shown by a tobacco protein from the class I group [45]. Others works revealed that PR4 

proteins from class II, which show only a BARWIN domain, exhibit RNase activity [16, 18, 22]. 

In some cases, the RNase and DNase activities occur in parallel [17, 23]. Cysteine proteinase 

inhibitor activity was also identified along with RNase activity in the pepper CaPR4c protein [18]. 

SUGARWINs are homologs of PR4 class II [19]; however, our enzymatic assays revealed that 

SUGARWIN1 exhibits RNase and chitinase activity (Fig. 3A and 3C), whereas SUGARWIN2 

showed only chitinase activity (Fig. 3C). Both the RNase and chitinase assays showed that protein 

folding is important for enzymatic activity, since denaturation by heating caused lose of activity 

(Fig. 3A and 3C). DNase activity was not observed for either SUGARWIN1 or SUGARWIN2 

(Fig. 3B). Divalent metal cations are usually required by plant DNases [46], however, even when 

in the presence of MgCl2 SUGARWINs showed do not affect DNA integrity. The chitinase 

activity of SUGARWIN2 described in this work corroborates our previous work, in which 

dramatic changes, including cell wall rupture, were identified in fungi after SUGARWIN2 

treatment [19]. These results differ from the results for other BARWIN-like proteins, 

WHEATWIN1, for example, which did not affect the fungal cell wall and exhibits only RNase 

activity [22]. These differences in enzymatic activity can be the result of variations in amino acid 

residues.  

The distinct substrate specificity observed for SUGARWIN1 and SUGARWIN2 can be 

related to their divergent amino acid compositions. The identified chitosan binding site (Fig. 5) 

has already been implicated in the RNase activity of other BARWINs [22, 24]. Three amino acid 

positions contacted by chitosan in the docking analysis differ between SUGARWIN1 and 

SUGARWIN2: positions 11, 26, and 27 are composed of His, Ser and Ala in SUGARWIN1 and 
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Asn, Gly and Thr in SUGARWIN2, respectively (Fig. 5). These changes are capable of altering 

the binding site charge and shape and can be involved in SUGARWIN1 RNase activity. 

BARWIN RNase activity has been correlated with the presence of two histidine 

residues: one at position 11 and another at position 111 (relative to the CARWIN structure) [22, 

24, 34]. Two different mutations in His11 (H11G and H11L) have been shown to partially inhibit 

RNase activity in WHEATWIN [22], revealing the importance of this amino acid for RNase 

activity. Both SUGARWINs have the His111 residue; however, only SUGARWIN1 exhibits the 

His11 residue (Fig. 4). These observations raised the hypothesis that Asn11 is responsible for the 

absence of RNase activity in SUGARWIN2. Our results suggest that the ribonuclease activity of 

SUGARWIN1 occurs according to the classical acid-base mechanism that involves two His 

residues, similar to RNase A, T1, and wheatwins [34]. 

Taking all togheter, these results suggest a role of SUGARWINs in plant defense, by 

enzymatic activity. More studies involving high-SUGARWIN varieties in plant defense should be 

performed to consider the relevance of these proteins in controlling red rot disease caused by C. 

falcatum.  
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Supplementary Material 1. Ramachandran plot of the predicted SUGARWIN1 
tridimensional structure. 
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Supplementary Material 2. Ramachandran plot of the predicted SUGARWIN2 

tridimensional structure. 
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Supplementary Material 3. The RNase activity of SUGARWIN1. (1) Negative PBS 
control, (2) SUGARWIN1 (heat-inactivated), (3) Positive RNase control, (4-7) Active 
SUGARWIN1, (4) 2 µg (5) 4 µg, (6) 8 µg, and (7) 16 µg. 
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3. FUNGAL VOLATILE ORGANIC COMPOUNDS ATTRACTIVE TO Diatraea 

saccharalis (F.) (LEPIDOPTERA: PYRALIDAE) ARE PRESENT IN A 

SYNERGISTIC INTERACTION OF OPPORTUNISTIC FUNGI AND INSECT 

 

ABSTRACT 

Colonization of sugarcane stalk by opportunistic fungi, such as Fusarium verticillioides 
and Colletotrichum falcatum, usually occurs after Diatraea saccharalis (Lepidoptera: Cambridae) 
caterpillars attack. Insects and fungi interactions have been studied in different plants and 
some fungal volatile compounds have shown to influence insect behavior. In this study, we 
aimed to understand the insect-fungi association in sugarcane and the role of fungal volatile 
compounds in this association, investigating whether (i) D. saccharalis herbivory influences 
fungal infection in sugarcane; and (ii) fungal colonization affects D. saccharalis performance 
and feeding. Our results have shown that D. saccharalis positively influences C. falcatum 
infection on sugarcane, inducing a fast growing when compared to C. falcatum treatment 
without D. saccharalis attack. In addition, both fungi, C. falcatum and F. verticillioides, have been 
shown a double effect on D. saccharalis caterpillar, they promoted a strong attraction for 
insects due volatile organic compound emission and positively influenced D. saccharalis 
feeding and weight gain in diets supplemented with fungi. Fungal volatile organic 
compounds from C. falcatum and F. verticillioides were identified and quantified; acoradiene 
and acorenol were specifically induced by the fungi. These data suggest a synergistic 
interaction, mediated by organic volatile compounds, between D. saccharalis and the fungi C. 
falcatum and F. verticillioides in sugarcane. 

Keywords: Colletotrichum falcatum; Fusarium verticillioides; Sugarcane borer; Plant-
insect-fungus interaction 

 

3.1. INTRODUCTION 

Plants are constantly exposed to pathogens and insects attack, keeping the plant defense 

system constantly under surveillance to protect itself against aggressors. The plant-microorganism 

and plant-insect interaction can influence the plant defense response and, consequently, influence 

insect behavior or pathogen infection [1, 2]. 

Plants colonization by fungi can establish detrimental or beneficial associations with 

insect herbivores by changing their behavior and biology [3-10]. Several environmental cues 

affect insect behavior and these cues can be altered by plant-pathogens interaction, due to 

changes in plant nutritional profile, organic volatile compound emission or plant phenotype, 

resulting in insect attraction or repellence [7, 9-17]. Moreover, insects are not able to produce 

sterols, and can use fungi mycelia and spores as sterol source [18-20]. On the other hand, insect 
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can also have a role in fungi infection, for example, necrotrophic fungi can grow faster in tissues 

previously attacked by insects due to cell rupture [15]. Furthermore, insects can carry fungi spores 

to long distances [20-23] or can facilitate microorganism entrance, due to wound made by the 

insect [15, 24].  

In the same plant-insect system, several species of microorganisms can differently affect 

insect behavior. For instance, on wheat kernels species of Fusarium, such as F. proliferatum, F. poae 

and F. culmorum are attractive to Tenebrio molitor larvae [9]. In contrast, F. avenaceum was shown to 

repel the same insect [9]. Repellent volatiles may represent survival threat signals for the larvae 

resulting in their avoidance [9]. In addition, insect attraction by fungal volatiles may represent a 

beneficial interaction for both organisms, in which insects find a food source and the fungi a way 

to disseminate itself [20].  

The sugarcane infection by Fusarium verticillioides and Colletotrichum falcatum usually occurs 

in association with Diatraea saccharalis (F.) (Lepidoptera: Crambidae). The fungi take advantage of 

the openings made by the borer to penetrate the sugarcane stalk and infect the plant, resulting in 

addition damage to the culture [25, 26]. Previously work have shown that when attacked by D. 

saccharalis, sugarcane can induce defense proteins with antifungal activity [24, 27]. Interestingly, 

these proteins (SUGARWIN1 and SUGARWIN2), showed to affect F. verticillioides and C. 

falcatum morphology causing fungi death, however, they were not able to affect Aspergilus nidulans, 

a non-sugarcane pathogenic fungi, indicating a close and specific interaction between D. saccharalis 

with C. falcatum and F. verticillioides in sugarcane [24, 27].  

Because of the close association between the opportunistic fungi and the sugarcane 

borer, in this work we investigated whether the fungi F. verticillioides and C. falcatum establish 

mutualistic interaction with the sugarcane borer by testing the following hypotheses: (i) D. 

saccharalis herbivory influences positively fungal colonization; and (ii) fungal colonization affects 

D. saccharalis performance, feeding and olfactory behavior. We analyzed how fungi and D. 

saccharalis interact by measuring the development of C. falcatum in sugarcane previously attacked 

by D. saccharalis caterpillars, and the other way around, i.e. parameters of D. saccharalis feeding and 

orientation behavior to fungus-colonized diet. We tested if caterpillar orientation was mediated 

by fungal volatiles and characterized the volatile profile of fungus-colonized diet. Our results 

showed a strong influence of D. saccharalis in sugarcane contamination by C. falcatum as well as an 

influence of the fungi C. falcatum and F. verticillioides in D. saccharalis development and 

attractiveness by fungi volatile organic compounds affecting insect behavior. These data suggest a 

mutualistic interaction between these organisms.  
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3.2. MATERIALS AND METHODS 

3.2.1. Sugarcane cultivation, fungus culture and insect rearing 

Genotype of sugarcane (Saccharum officinarum x Saccharum spontaneum, cv. SP80-3280) was 

obtained from the ‘Centro de Tecnologia Canavieira’ (Piracicaba, SP, Brazil). The sugarcane one-

eyed seed sets were disinfected with 0.01% chlorine, cultivated in commercial planting mix 

(Plantmax, Eucatex, São Paulo, Brazil) and maintained in a greenhouse for 60 days under natural 

oscillations of light, temperature and air humidity.   

Isolates of F. verticillioides and C. falcatum were cultivated in potato dextrose (PD) 

medium (Difco™, Sparks, USA) and maintained at 25oC with 12h photoperiod in climatic 

chambers. The fungus not involved in the red rot disease, Aspergillus nidulans, used as a control in 

the assays, was cultivated in yeast glucose (YG) medium [0.5% yeast extract, 2% glucose, and 

0.1% trace elements (75 mM ZnSO4·7H2O, 180 mM H3BO3, 25 mM MnCl2·4H2O, 18 mM 

FeSO4·7H2O, 6 mM CoCl2·5H2O, 6 mM CuSO4·5H2O, 1 mM (NH4)6Mo7O24·4H2O, and 140 

mM EDTA) at pH 6.7] and maintained in climatic chambers at 37oC in the dark.  

The sugarcane borer caterpillars were fed on an artificial diet [28] and maintained in 

rooms under controlled conditions (temperature 25±4oC, relative humidity 60±10% and 14 h of 

light). Adults were maintained in cages covered with white paper sheets, where eggs were 

deposited and collected daily. Newly-hatching caterpillars were transferred to sterile artificial diet.  

 

3.2.2. Influence of D. saccharalis in sugarcane infection by C. falcatum  

We tested C. falcatum infection in sugarcane seedlings under two treatments: Tc: 

undamaged sugarcane; T(D+C): D. saccharalis damaged sugarcane. In Tc, 60-day-old sugarcane 

seedlings were inoculated with a suspension containing a total of 1x103 C. falcatum conidia in a 

hole manually opened in basis of the stalk. In T(D+C), one individual of 3th instar D. saccharalis 

was placed near the stalk as previously described [24] and C. falcatum was inoculated in the plants 

24h after D. saccharalis entrance in the same way described for Tc, but the hole was opened by the 

borer. A negative control was used without any fungal contamination (named C). Seedlings 

remained in a moist chamber in the greenhouse for 12 h and then for additional 10 d under 

natural conditions and without supplementary artificial light. Samples were collected in the stalk 

region, about two centimeters around the inoculation. A pool of five plants per treatment was 

used, and the experiment was repeated twice. The plant material was collected, flash-frozen in 
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liquid nitrogen (N2) and storage at -80oC until processing samples. The analysis of C. falcatum 

infection was performed by quantitative PCR using the absolute quantification of internal 

transcribed sequence region of C. falcatum (as previously described in chapter 1 – item 2.2.5), 

based in a plasmid standard curve. The plasmid standard curve, quantitative PCR and sugarcane 

genomic DNA extraction were performed according to previously described in chapter 1 (item 

2.2.5 and 2.2.6).  

 

3.2.3. Influence of fungi on D. saccharalis performance 

To determine the influence of F. verticillioides and C. falcatum on D. saccharalis feeding, 5th 

instar caterpillars were removed from the rearing diet and inoculated in glass tubes (8.5 cm long 

and 1.5 cm diameter) containing a new diet. The new diets were a minimal medium (MM) varying 

only the carbon source: 5% salt solution 20x [12% (p/v) NaNO3; 1% (p/v) KCl; 3% (p/v) 

KH2PO4; 1% (p/v) MgSO4·7H2O]; 0,1% traces elements 5x [75 mM ZnSO4·7H2O, 180 mM 

H3BO3, 25 mM MnCl2·4H2O, 18 mM FeSO4·7H2O, 6 mM CoCl2·5H2O, 6 mM CuSO4.5H2O, 1 

mM (NH4)6Mo7O24·4H2O, e 140 mM EDTA - pH 6.7]; 2% agar and 1% fructose (F) or ball-

milled sugarcane bagasse (SCB) or sucrose (S). A total of 105 fungal conidia of F. verticillioides 

(F.v.), C. falcatum (C.f.), or A. nidulans (A.n.) were added to the diet five days before the assay, so 

the medium was already colonized with the corresponding fungus when the caterpillar was 

inoculated. In the negative control (C), no fungus was added. Performance of the sugarcane 

borer was estimated based on the weight assessed every two days for 10 days.  Three replicates 

for each diet were used. In each replicate was add 14 caterpillars. The assay was repeated twice. 

  

3.2.4. Olfactory preference assay 

Initially, a total of 105 fungal conidia of F. verticillioides, C. falcatum, or A. nidulans were 

inoculated in a Falcon tube (15 mL) containing 5 mL of fructose diet. The negative control was 

not inoculated with any fungus. After 5 days, with the diet already completely colonized by the 

respective fungus, this tube was inserted to the bottom part of a Petri dish (15 cm of diameter), 

which was lined with moistened filter paper. Tubes containing fungus-colonized and control diet 

were at the opposite ends of the Petri dish bottom (Fig. 1). A group of 20 third-instar D. 

saccharalis caterpillars was released in the central region of the arena. Caterpillar choice was 

considered when they entered in the diet tube. Dishes were closed, sealed and kept in a dark 

room for 5 h at 25°C; the number of caterpillars inside the tubes was than recorded. The assay 
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was repeated ten times. The assay was also performed using third-instar Spodoptera frugiperda, to 

detect a possible specific attractiveness, and with 5th instar D. saccharalis, to find changes in insect 

behavior during immature stage. The assay using 5th instar D. saccharalis was performed with 10 

caterpillar in each arena, and the assay was repeated 20 times.   

To confirm the insect attraction to the fungi volatiles organic compounds (VOCs), the 

collected VOCs extract from F. verticillioides were used to attract D. saccharalis. This assay was 

performed using  Petri dishes adapted with tubes containing an extract of VOCs emitted by F. 

verticillioides in fructose diet in one side, and an extract of VOCs emitted by the fructose diet 

(negative control) in the opposite side. 30µl of the crude extract was placed on a piece of cotton 

and added to the tube. The dishes were sealed and placed in the dark for 48h at 25°C. Ten 5th 

instar D. saccharalis caterpillars were released in the central region of the arena, and the assay was 

repeated 20 times. 

 

 

Figure 1. Design of olfactory preference assay used to caterpillars of Diatraea saccharalis and Spodoptera 
frugiperda in response to volatiles emitted by Fusarium verticillioides, Colletotrichum falcatum and Aspergillus 
nidulans. The caterpillar was placed in the start position. After 5 or 48 hours, the caterpillars inside to 
the collection tubes were counted and submitted to statistical analysis.    

 

3.2.5. Volatile Collection and identification 

Volatiles emitted by F. verticillioides, C. falcatum and A. nidulans in the fructose diet were 

collected using ARS Volatile Collection System (ARS, Gainesville, FLA, USA). Control and 

fungus-colonized diet were placed in fully enclosed glass chambers connected to the ARS by 
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Teflon® hoses. Clean and humidified air was injected into the chambers at 0.8 L/min. An 

adsorbent polymer column (Hayesep-Q®, 30 mg, Alltech Associates, Deerfield, IL, USA) was 

coupled to the other outlet of the glass chamber. After 8h of volatile collection, the polymer 

columns were eluted with 150 µL of hexano solvent (Sigma Aldrich, St. Louis, MO, USA) and 

samples stored in vials were kept in a freezer at -30°C until analysis. An aliquot of 2 µL of each 

sample was injected in splitless mode into a HP-5 capillary column (15 m of length 0.25 mm in 

diameter and 0.1 µm of thickness) in a GC-MS (Varian gas chromatograph model 3800 coupled 

to Varian mass spectrometer model 4000 ) with helium as carrier gas (24 cm/sec). The oven was 

held at 40°C for 5 min, raised to 150°C at 5°C/min, maintained for 1 min, then increased to 

250°C at 20 °C/min. The detector signal was processed with the Workstation software version 

6.9. Compounds were identified based on the mass spectra, which were compared with NIST08 

library, Wiley6 library [29], Adams (2012) [30] and the pherobase [31] and confirmed by Kovats 

retention index. The volatile compounds quantification was performed using the GC-Fid 

Shimadzu, 2010 Plus equipment, based on the peak area relative to the internal standard (Nonyl 

acetate, Sigma Aldrich, St. Louis, MO, USA). Six repetition of each treatment were performed. 

 

3.2.6. Statistical analysis 

Statistical analysis for C. falcatum contamination in sugarcane assay and insect feeding on 

different diets were performed using t-test (P ≤ 0.05) with R statistical software [32]. The 

olfactory preference assays were analyzed using paired t-test (P ≤ 0.05) with R statistical software 

[32]. 

 

3.3. RESULTS 

3.3.1. D. saccharalis positively influences the sugarcane infection by C. falcatum 

The sugarcane infection by C. falcatum had an increase when in association to D. 

saccharalis. We used the fungus ITS region, a fungi barcode [33] to quantify the C. falcatum 

contamination in sugarcane. The quantification of ITS region in D. saccharalis plus C. falcatum 

treatment was around five times higher when compared to the C. falcatum treatment (Fig.2). 
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Figure 2. Quantification of C. falcatum in sugarcane (SP80-3280). The quantification of C. falcatum was 
performed by qRT-PCR using the standard curve method and the ITS region in response to 10 days 
of different treatments. C (negative control); Tc (C. falcatum treatment); T(D+C) (D. saccharalis plus C. 
falcatum treatment). Different letters indicates significant difference between treatments by t-test (P ≤ 
0.01) 

 

3.3.2. C. falcatum and F. verticillioides positively influence D. saccharalis feeding 

Caterpillars gained less weigh when fed on the control diet and A. nidulans-colonized 

than in F. verticillioides and C. falcatum-colonized diets. The results showed that the fungi F. 

verticillioides and C. falcatum positively influence caterpillar feeding, while the presence of A. 

nidulans negatively influences caterpillars feeding (Fig. 3 and 4). In the control diets, without the 

presence of any contaminant, and in the A. nidulans-colonized diet, caterpillars showed loss of 

weight. The fructose diet as well as sucrose diet C. falcatum-colonized and F. verticillioides-colonized 

showed a significant difference when compared to the negative control (P ≤ 0.05). The ball-

milled sugarcane bagasse F. verticillioides-colonized diet showed a significant difference when 

compared to the negative control at (P ≤ 0.05).  
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Figure 3. Effect of fungi on Diatraea saccharalis feeding. Fifth instar D. saccharalis caterpillars were 
treated in three different diet, Fructose (A), Sucrose (B) and ball-milled Sugarcane Bagasse (C), in 
different conditions: C (only the diet); C. f. (Colletotrichum falcatum-colonized diet); F. v. (Fusarium 
verticillioides-colonized diet) and A. n. (Aspergillus nidulans-colonized diet). The weight of caterpillars was 
evaluated every two days for ten days. Values are the means (± standard error) of three replicates. The 
assay was repeated twice. Different letters indicates significant difference between treatments by t-test 
(P ≤ 0.05) 
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Figure 4. Influence of Fusarium verticillioides and Colletotrichum falcatum in Diatraea saccharalis feeding. D. 
saccharalis feeding after 15 minutes of treatment (A) and after two days of treatment (B). C (only diet); 
C. f. (C. falcatum-colonized diet); F. v. (F. verticillioides-colonized diet). The arrows are highlighting the 
insect interest in the diet.  

 

3.3.3. D. saccharalis is attracted by volatiles emitted by C. falcatum and F. 

verticillioides 

Third instar D. saccharalis caterpillar preferentially oriented to F. verticillioides-colonized 

diet over the control, the similar result was observed to C. falcatum-colonized diet (Fig. 5A and 6). 

However, the A. nidulans-colonized diet showed repelling, or do not attract the caterpillar, in this 

case, the caterpillars showed preference for the control diet (Fig. 5A). We also performed the 

olfactory choice assay using S. frugiperda caterpillars, however, this insect showed do not be 

attracted by any tested fungi (Fig. 5B), indicating a specificity between D. saccharalis and fungi 

interaction. The assay was also performed with fifth instar D. saccharalis, to know if the insect 

attraction to fungi VOCs can depend of larvae stage. Fifth instar D. saccharalis caterpillar also 

preferentially oriented to F. verticillioides-colonized diet over the control (Fig. 7), indicating a 

similar behavior during insect immature stage.    
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Figure 5. Olfactory choice assay with caterpillars of Diatraea saccharalis (3rd instar, N=20) (A) or 
Spodoptera frugiperda (3rd instar, N=20) (B). The caterpillars were added into the central region of a Petri 
dishes adapted with tubes containing fructose diet in one side and fructose diet Fusarium verticillioides, 
Colletotrichum falcatum or Aspergillus nidulans-colonized in the opposite side. The dishes were sealed and 
placed in the dark for 5h at 25°C. Asterisks inside the bars represent significant differences in 

comparison with the control by t-test (P ≤ 0.05). Values are the means ( standard error) of ten 
replicates. 
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Figure 6. Olfactory choice assay. (A) Result of Diatraea saccharalis olfactory choice after 5h. Twenty 
caterpillars of D. saccharalis (3rd instar) were added into the central region of a Petri dishes adapted with 
tubes containing fructose diet in one side (Control = C), and fructose Fusarium verticillioides-colonized 
diet in the opposite side (F. v.). (B) Magnifications of (A).  

 

 

Figure 7. Olfactory choice assay. Ten caterpillars of Diatraea saccharalis (5th instar) were added into the 
central region of a Petri dishes adapted with tubes containing fructose diet in one side and fructose 
Fusarium verticillioides-colonized diet (F. v.) in the opposite side. The dishes were sealed and placed in 
the dark for 5h at 25°C. Asterisks above the bars represent significant differences in comparison with 

the control by t-test (P ≤ 0.05). Values are the means ( standard error) of twenty replicates. 

 

3.3.4. F. verticillioides and C. falcatum emit organic volatiles compounds that can 

attract D. saccharalis 

The VOCs emitted by fungi was quantified and identified as 1-octen-3-ol and 3-

octanone emitted only by A. nidulans, acoradiene and acorenol emitted by F. verticillioides and C. 

falcatum, and ß-elemene emitted only by F. verticillioides, in fructose diet (Fig. 8). These compounds 

were not identified in the control (diet without fungi contamination). The F. verticillioides VOCs 

extract were used in an olfactory preference assay, with D. saccharalis, to confirm the insect 

preference by fungi VOCs. D. saccharalis caterpillar preferentially oriented to F. verticillioides VOCs 

over the control (Fig. 9). 
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Figure 8. Volatiles emitted by Fusarium verticillioides, Colletotrichum falcatum and Aspergillus nidulans in 
fructose diet. The volatiles compounds were collected using ARS Volatile Collection System (ARS, 
Gainesville, FLA, USA), identified by GC-MS (Varian gas chromatograph model 3800 coupled to 
Varian mass spectrometer model 4000 type ion trap) and quantified by GC-Fid Shimadzu, 2010 Plus. 
The compounds mass spectra data were compared with the equipment library "NIST08", and 
confirmed by Kovats retention index on pherobase [31] and Adams (2012) [30]. Six replicates were 
used. (1) 1-octen-3-ol; (2) 3-octanone; (3) acoradiene; (4) ß-elemene; (5) acorenol. 

 

 

Figure 9. Diatraea saccharalis olfactory preference assay using Fusarium verticillioides volatiles compounds 
extract. Ten caterpillars of D. saccharalis (5th instar) were added into the central region of a Petri dishes 
adapted with tubes containing an extract of volatiles organic compounds emitted by F. verticillioides in 
fructose diet in one side, and an extract of volatiles compounds emitted by the fructose diet (negative 
control) in the opposite side. 30µl of the crude extract was placed on a piece of cotton and added to 
the tube. The dishes were sealed and placed in the dark for 48h at 25°C. Asterisk above the bar 
represent significant differences in comparison with the control by t-test (P ≤ 0.05). Values are the 

means ( standard error) of twenty replicates. 
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3.4. DISCUSSION 

Different studies have shown interaction between fungi and insects in plant colonization 

[3-8, 34].  In this work, we showed a close interaction between the sugarcane borer D. saccharalis 

and the opportunistic fungi C. falcatum and F. verticillioides. Our results show that D. saccharalis 

positively influences C. falcatum infection on sugarcane (Fig.1). The previously insect attack 

contributed to the fungus infection, causing a faster fungus growing when compared to infection 

in the absence of the caterpillar (Fig. 2). Others studies have shown insect influence in fungus 

infection; in maize, the European Corn Borer (Ostrinia nubilalis) attack significantly increase F. 

verticillioides infection [35]. The percentage of maize grain infected by Aspergillus flavus increase with 

increasing earborer Mussidia nigrivenella damage [36]. In our study D. saccharalis seems to create a 

favorable microclimate to C. falcatum infection due tissue maceration and cell rupture, facilitating 

the absorption of nutrients by the fungus. However this interaction can show a higher complexity 

and specificity when we analyzed the effect of fungi in D. saccharalis performance. In artificial 

diets, the fungi C. falcatum and F. verticillioides seem to play a role on D. saccharalis attractiveness 

and feeding, the caterpillar performance was better in fungus-colonized diet relative to the 

control (Fig. 3), nevertheless the A. nidulans-colonized diet showed a negative influence in D. 

saccharalis attraction and performance, indicating a specificity in insect-fungi interaction. 

The influence of fungi on insect behavior can be result of VOCs emission [7, 9, 10], 

visual cues [12, 13, 37, 38] or nutritional supplementation, directly due feeding of insect mycelia 

and spores, or indirectly due nutritional changes [14-17]. The different diets used in this work 

were important to identify how this insect-fungi interaction may occur. The figure 3 shows the 

result of D. saccharalis caterpillar feed in three different diets, composed by essential nutrients with 

only carbon sources variation. In the negative control, without any contamination, the caterpillars 

showed weight loss due to the deficiency on feeding. Similar results were show in the diet 

colonized by A. nidulans, which is not a pathogen of sugarcane; this fungus showed a negative 

influence on caterpillars feeding (Fig 3). However, D. saccharalis showed feed preference to F. 

verticillioides and C. falcatum-colonized diet when compared to the control diet (Fig. 3). These 

results do not exclude a possible influence of gustatory cues; however, the insect weight gain is 

probably not due the direct mycelium feeding once the insect weight gain was reduced in ball-

milled sugarcane bagasse diet, and in A. nidulans-colonized diet (Fig. 3C). The ball-milled 

sugarcane bagasse diet represent a complex carbon source [39] to the insect that may have 

resulted in slow weight gain when compared to fructose, a simple saccharide, and sucrose, a 

disaccharide carbon source (Fig. 3). 
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The insect attraction to the colonized diets (Fig. 4) was interesting and led us to 

investigate the influence of fungi VOCs on D. saccharalis behavior. The olfactory preference assay 

showed that the D. saccharalis caterpillars are highly attracted to volatile compounds emitted by F. 

verticillioides and C. falcatum (Fig 5A and 6). While A. nidulans appears do not attract or to repel D. 

saccharalis caterpillars (Fig. 5A), what corroborate to the feeding assay (Fig. 3). Interesting, 

caterpillars of S. frugiperda did not show preference to any fungi in study (Fig. 5B), indicating a 

specific interaction between F. verticillioides and C. falcatum VOCs with D. saccharalis. The positive 

orientation of thirty and fifth instar D. saccharalis to F. verticillioides- colonized diet indicates that 

this attraction is not specific to a larval stage, but occur during larval stage (Fig 5 and 7). 

Previous studies have shown that F. verticillioides produces a series of volatile compounds 

such as alcohols, esters and aldehydes that are attractive to nitidulid beetles [10]. In the same way, 

F. verticillioides was shown to attract and decrease the mortality of insects as Eldana saccharina, 

Cryptophlebia leucotreta, Mussidia nigrivenella and Sesamia calamistis in maize [6]. Other interactions 

involving volatile compounds in insect-fungi interactions have been described by McFarlane et al. 

(2009), suggesting that volatiles emitted by Fusarium pseudonygamai can be attractive to Eldana 

saccharina. In addition, the beetle Tribolium castaneum was attracted by volatiles emitted by fungus-

infected cotton seed [40]. In this study, we identified and quantified VOCs emitted by F. 

verticillioides and C. facatum in fructose diet, such as acoradiene and acorenol (Fig. 8). Probably 

these two VOCs are the attractants to D. saccharalis, once both fungi that can attract the insect 

emit them. Acorenol have been studied in fungi such as Trichoderma harzianum, Trichoderma koningii 

and Fusidium coccineum [41-43], while acoradiene was previously identified in Fusarium oxysporum 

[44], and Fusarium sambucinum. However, the insect response to these compounds has not yet 

been elucidated. The VOCs extract collected from Fructose F. verticillioides-colonized diet were 

used in an olfactory preference assay, that showed D. saccharalis preference when compared to the 

control (Fig. 9), confirming the role of VOCs in D. saccharalis behavior.  

Interestingly, the fungus A. nidulans, which showed negative influence to D. saccharalis 

feeding and attraction, emitted different VOCs when compared to F. verticillioides and C. falcatum, 

such as 1-octen-3-ol and 3-octanone. The production of 1-octen-3-ol and 3-octanone have been 

previously identified in A. nidulans [45] and several other fungi, such as Aspergillus flavus [46], 

Aspergillus fumigatus [47], Isaria fumosorosea [48], Paenibacillus polymyxa [49]. These VOCs  showed 

repellence of insects, such as Sitophilus zeamais [50], Coptotermes formosanus [48], Tribolium castaneum 

[49], that corroborates with our data. However, the same compounds can be attractive to 

Malthodes fuscus, Anaspis marginicollis, Anaspis rufilabris, Epinotia tedella and Lordithon lunulatus [51]. 

Plants of Cucurbita moschata infected by powdery mildew Podosphaera sp. showed a different profile 
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of VOCs when compared to health plants, including 3-octanone and 1-octen-3-ol, which showed 

to be highly attractive to Psyllobora vigintimaculata beetles [52]. The fungi VOCs extraction and 

quantification in this work reinforce the differences between fungi that can explain D. saccharalis 

behavior. 

Our results showed a strong synergistic interaction between F. verticillioides and C. 

falcatum with D. saccharalis in sugarcane colonization, incluing a role of fungal VOCs in this 

association. These knowledge  enhance our understanding of plant-insect-fungal interation and 

may influence the use of integrated pest and disease management. Studies envolving adults of D. 

saccharalis need to be performed to understand the influence of these compounds in adults 

attraction and oviposition, the identification of insect olfactory receptor to these compounds in 

D. saccharalis adults and caterpillars are also important to a global undertandy of this important 

and complex ecological interaction.  

 

LITERATURE CITED 

1. Karban R, Adamchak R, Schnathorst WC. Induced resistance and interspecific competition 

between spider mites and a vascular wilt fungus. Science. 1987;235(4789):678-80. Epub 

1987/02/06. doi: 10.1126/science.235.4789.678. PubMed PMID: 17833628. 

2. Simon M, Hilker M. Herbivores and pathogens on willow: do they affect each other? 

Agricultural and Forest Entomology. 2003;5(4):275-84. doi: 10.1046/j.1461-

9563.2003.00189.x. PubMed PMID: WOS:000186960200002. 

3. Hatcher PE, Paul ND. On integrating molecular and ecological studies of plant resistance: 

variety of mechanisms and breadth of antagonists. Journal of Ecology. 2000;88(4):702-6. doi: 

10.1046/j.1365-2745.2000.00476.x. PubMed PMID: WOS:000088941200014. 

4. Cui JP, Jander G, Racki LR, Kim PD, Pierce NE, Ausubel FM. Signals involved in 

Arabidopsis resistance to Trichoplusia ni caterpillars induced by virulent and avirulent strains of 

the phytopathogen Pseudomonas syringae. Plant Physiology. 2002;129(2):551-64. doi: 

10.1104/pp.010815. PubMed PMID: WOS:000176363800015. 

5. Gatch EW, Munkvold GP. Fungal species composition in maize stalks in relation to european 

corn borer injury and transgenic insect protection. Plant Disease. 2002;86(10):1156-62. doi: 

10.1094/pdis.2002.86.10.1156. PubMed PMID: WOS:000178170300016. 

6. Schulthess F, Cardwell KF, Gounou S. The effect of endophytic Fusarium verticillioides on 

infestation of two maize varieties by lepidopterous stemborers and coleopteran grain feeders. 

Phytopathology. 2002;92(2):120-8. doi: 10.1094/phyto.2002.92.2.120. PubMed PMID: 

WOS:000173538300001. 



60 

7. McFarlane SA, Govender P, Rutherford RS. Interactions between Fusarium species from 

sugarcane and the stalk borer, Eldana saccharina (Lepidoptera: Pyralidae). Annals of Applied 

Biology. 2009;155(3):349-59. doi: 10.1111/j.1744-7348.2009.00345.x. PubMed PMID: 

WOS:000271709100006. 

8. Carruthers RI, Bergstrom GC, Haynes PA. Accelerated development of the European corn-

borer, Ostrinia nubilalis (Lepidoptera, Pyralidae), induced by interactions with Colletotrichum 

graminicola (Melanconiales, Melanconiaceae), the causal fungus of maize anthracnose. Annals 

of the Entomological Society of America. 1986;79(3):385-9. PubMed PMID: 

WOS:A1986C244500001. 

9. Guo Z, Doell K, Dastjerdi R, Karlovsky P, Dehne H-W, Altincicek B. Effect of fungal 

colonization of wheat grains with Fusarium spp. on food choice, weight gain and mortality of 

meal beetle larvae (Tenebrio molitor). Plos One. 2014;9(6). doi: 

10.1371/journal.pone.0100112. PubMed PMID: WOS:000337738600096. 

10. Bartelt RJ, Wicklow DT. Volatiles from Fusarium verticillioides (Sacc.) Nirenb. and their 

attractiveness to nitidulid beetles. Journal of Agricultural and Food Chemistry. 

1999;47(6):2447-54. doi: 10.1021/jf9901340. PubMed PMID: WOS:000080910800045. 

11. Abreha KB, Alexandersson E, Vossen JH, Anderson P, Andreasson E. Inoculation of 

Transgenic Resistant Potato by Phytophthora infestans Affects Host Plant Choice of a Generalist 

Moth. Plos One. 2015;10(6). doi: 10.1371/journal.pone.0129815. PubMed PMID: 

WOS:000355955300164. 

12. Sun Z, Liu Z, Zhou W, Jin HA, Liu H, Zhou AM, et al. Temporal interactions of plant - 

insect - predator after infection of bacterial pathogen on rice plants. Scientific Reports. 

2016;6. doi: 10.1038/srep26043. PubMed PMID: WOS:000375979600001. 

13. Rizvi SZM, Raman A. Epiphyas postvittana (Lepidoptera: Tortricidae)-Botrytis cinerea (Helotiales: 

Sclerotiniaceae)-Vitis vinifera (Vitales: Vitaceae) Interaction: The Role of B. cinerea on the 

Development of E. postvittana in Synthetic Nutritional Media. Journal of Economic 

Entomology. 2015;108(4):1646-54. doi: 10.1093/jee/tov131. PubMed PMID: 

WOS:000360626600022. 

14. Babikova Z, Gilbert L, Bruce T, Dewhirst SY, Pickett JA, Johnson D. Arbuscular mycorrhizal 

fungi and aphids interact by changing host plant quality and volatile emission. Functional 

Ecology. 2014;28(2):375-85. PubMed PMID: WOS:000332777500009. 

15. Hatcher PE. 3-way interactions between plant-pathogenic fungi, herbivorous insects and their 

host plants. Biological Reviews. 1995;70(4):639-94. doi: 10.1111/j.1469-185X.1995.tb01655.x. 

PubMed PMID: WOS:A1995TH86000005. 



61 

 

16. De La Fuente L, Parker JK, Oliver JE, Granger S, Brannen PM, van Santen E, et al. The 

Bacterial Pathogen Xylella fastidiosa Affects the Leaf Ionome of Plant Hosts during Infection. 

Plos One. 2013;8(5). doi: 10.1371/journal.pone.0062945. PubMed PMID: 

WOS:000319654700085. 

17. Al-Naemi F, Hatcher PE. Contrasting effects of necrotrophic and biotrophic plant pathogens 

on the aphid Aphis fabae. Entomologia Experimentalis Et Applicata. 2013;148(3):234-45. doi: 

10.1111/eea.12091. PubMed PMID: WOS:000322948900004. 

18. Nasir H, Noda H. Yeast-like symbiotes as a sterol source in anobiid beetles (Coleoptera, 

Anobiidae): Possible metabolic pathways from fungal sterols to 7-dehydrocholesterol. 

Archives of Insect Biochemistry and Physiology. 2003;52(4):175-82. doi: 10.1002/arch.10079. 

PubMed PMID: WOS:000181870500002. 

19. Bentz BJ, Six DL. Ergosterol content of fungi associated with Dendroctonus ponderosae and 

Dendroctonus rufipennis (Coleoptera : Curculionidae, Scolytinae). Annals of the Entomological 

Society of America. 2006;99(2):189-94. doi: 10.1603/0013-

8746(2006)099[0189:ecofaw]2.0.co;2. PubMed PMID: WOS:000235963700001. 

20. Thompson BM, Grebenok RJ, Behmer ST, Gruner DS. Microbial Symbionts Shape the Sterol 

Profile of the Xylem-Feeding Woodwasp, Sirex noctilio. Journal of Chemical Ecology. 

2013;39(1):129-39. doi: 10.1007/s10886-012-0222-7. PubMed PMID: 

WOS:000314363000013. 

21. Phoku JZ, Barnard TG, Potgieter N, Dutton MF. Fungal dissemination by housefly (Musca 

domestica L.) and contamination of food commodities in rural areas of South Africa. 

International Journal of Food Microbiology. 2016;217:177-81. doi: 

10.1016/j.ijfoodmicro.2015.10.028. PubMed PMID: WOS:000366767600025. 

22. El-Hamalawi ZA, Stanghellini ME. Disease development on lisianthus following aerial 

transmission of Fusarium avenaceum by adult shore flies, fungus gnats, and moth flies. Plant 

Disease. 2005;89(6):619-23. doi: 10.1094/pd-89-0619. PubMed PMID: 

WOS:000229243300013. 

23. Stewart JE, Halik S, Bergdahl DR. Viability of Sirococcus clavigignenti-juglandacearum Conidia on 

exoskeletons of three Coleopteran species. Plant Disease. 2004;88(10):1085-91. doi: 

10.1094/pdis.2004.88.10.1085. PubMed PMID: WOS:000223922400006. 

24. Medeiros AH, Franco FP, Matos JL, de Castro PA, Santos-Silva LK, Henrique-Silva F, et al. 

Sugarwin: A sugarcane insect-induced gene with antipathogenic activity. Molecular Plant-

Microbe Interactions. 2012;25(5):613-24. doi: 10.1094/mpmi-09-11-0254. PubMed PMID: 

WOS:000303083000002. 



62 

25. Ogunwolu EO, Reagan TE, Flynn JL, Hensley SD. Effects of Diatraea saccharalis (F) 

(Lepidoptera, Pyralidae) damage and stalk rot fungi on sugarcane yield in Louisiana. Crop 

Protection. 1991;10(1):57-61. doi: 10.1016/0261-2194(91)90027-o. PubMed PMID: 

WOS:A1991EY34300011. 

26. Dinardo-Miranda LL, Vasconcelos ACMd, Landell MGdA. Cana-de-açúcar. Agronômico I, 

editor2010. 394-404 p. 

27. Franco FP, Santiago AC, Henrique-Silva F, de Castro PA, Goldman GH, Moura DS, et al. 

The sugarcane defense protein SUGARWIN2 causes cell death in Colletotrichum falcatum but 

not in non-pathogenic fungi. Plos One. 2014;9(3). doi: 10.1371/journal.pone.0091159. 

PubMed PMID: WOS:000332485800109. 

28. Pompermayer P, Falco MC, Parra JRP, Silva-Filho MC. Coupling diet quality and bowman-

birk and kunitz-type soybean proteinase inhibitor effectiveness to Diatraea saccharalis 

development and mortality. Entomologia Experimentalis Et Applicata. 2003;109(3):217-24. 

doi: 10.1046/j.0013-8703.2003.00107.x. PubMed PMID: WOS:000187160100006. 

29. D'Alessandro M, Turlings TCJ. In situ modification of herbivore-induced plant odors: A 

novel approach to study the attractiveness of volatile organic compounds to parasitic wasps. 

Chemical Senses. 2005;30(9):739-53. doi: 10.1093/chemse/bji066. PubMed PMID: 

WOS:000233415400003. 

30. Adams RP. Identification of Essential Oil Components by Gas Chromatography/Mass 

SpectrometryIdentification of Essential Oil Components by Gas Chromatography/Mass 

Spectrometry. Illinois: Allured Publication Corporation; 2012. 

31. El-Sayed AM. The Pherobase: Database of Pheromones and Semiochemicals 

<http://www.pherobase.com>. 2016. 

32. Team RDC. R: A language and environment for statistical computing. [2.12.1]. Vienna, 

Austria: R Foundation for Statistical Computing; 2010. 

33. Schoch CL, Seifert KA, Huhndorf S, Robert V, Spouge JL, Levesque CA, et al. Nuclear 

ribosomal internal transcribed spacer (ITS) region as a universal DNA barcode marker for 

Fungi. Proceedings of the National Academy of Sciences of the United States of America. 

2012;109(16):6241-6. doi: 10.1073/pnas.1117018109. PubMed PMID: 

WOS:000303246100068. 

34. von Burg S, Alvarez-Alfageme F, Romeis J. Indirect effect of a transgenic wheat on aphids 

through enhanced powdery mildew resistance. Plos One. 2012;7(10). doi: 

10.1371/journal.pone.0046333. PubMed PMID: WOS:000309831500035. 



63 

 

35. Scarpino V, Reyneri A, Vanara F, Scopel C, Causin R, Blandino M. Relationship between 

European Corn Borer injury, Fusarium proliferatum and F. subglutinans infection and 

moniliformin contamination in maize. Field Crops Research. 2015;183:69-78. doi: 

10.1016/j.fcr.2015.07.014. PubMed PMID: WOS:000362133600008. 

36. Setamou M, Cardwell KF, Schulthess F, Hell K. Effect of insect damage to maize ears, with 

special reference to Mussidia nigrivenella (Lepidoptera : Pyralidae), on Aspergillus flavus 

(Deuteromycetes : Monoliales) infection and aflatoxin production in maize before harvest in 

the Republic of Benin. Journal of Economic Entomology. 1998;91(2):433-8. PubMed PMID: 

WOS:000073485000015. 

37. Arnold SEJ, Stevenson PC, Belmain SR. Shades of yellow: interactive effects of visual and 

odour cues in a pest beetle. Peerj. 2016;4. doi: 10.7717/peerj.2219. PubMed PMID: 

WOS:000380067300007. 

38. Warrant E, Dacke M. Visual Navigation in Nocturnal Insects. Physiology. 2016;31(3):182-92. 

doi: 10.1152/physiol.00046.2015. PubMed PMID: WOS:000373597300003. 

39. Rezende CA, de Lima MA, Maziero P, deAzevedo ER, Garcia W, Polikarpov I. Chemical and 

morphological characterization of sugarcane bagasse submitted to a delignification process 

for enhanced enzymatic digestibility. Biotechnology for Biofuels. 2011;4:1-18. doi: 

10.1186/1754-6834-4-54. PubMed PMID: WOS:000298163300001. 

40. Ahmad F, Daglish GJ, Ridley A, Walter GH. Responses of Tribolium castaneum to olfactory 

cues from cotton seeds, the fungi associated with cotton seeds, and cereals. Entomologia 

Experimentalis Et Applicata. 2012;145(3):272-81. doi: 10.1111/eea.12012. PubMed PMID: 

WOS:000310542800011. 

41. Huang Q, Tezuka Y, Hatanaka Y, Kikuchi T, Nishi A, Tubaki K. Studies on metabolites of 

mycoparasitic fungi .3. new sesquiterpene alcohol from Frichoderma koningii. Chemical &amp; 

Pharmaceutical Bulletin. 1995;43(6):1035-8. PubMed PMID: WOS:A1995RE78100024. 

42. Reino JL, Guerrero RF, Hernández-Galán R, Collado IG. Secondary metabolites from 

species of the biocontrol agent Trichoderma. Phytochemistry Reviews. 2008;7(1):89-123. 

43. Citron CA, Dickschat JS. The stereochemical course of tricho-acorenol biosynthesis. Organic 

&amp; Biomolecular Chemistry. 2013;11(43):7447-50. doi: 10.1039/c3ob41755g. PubMed 

PMID: WOS:000326610600001. 

44. Freire ES, Campos VP, Pinho RSC, Oliveira DF, Faria MR, Pohlit AM, et al. Volatile 

substances produced by Fusarium oxysporum from coffee rhizosphere and other microbes 

affect Meloidogyne incognita and Arthrobotrys conoides. Journal of Nematology. 2012;44(4):321-8. 

PubMed PMID: WOS:000320452400003. 



64 

45. Herrero-Garcia E, Garzia A, Cordobes S, Espeso EA, Ugalde U. 8-Carbon oxylipins inhibit 

germination and growth, and stimulate aerial conidiation in Aspergillus nidulans. Fungal 

Biology. 2011;115(4-5):393-400. doi: 10.1016/j.funbio.2011.02.005. PubMed PMID: 

WOS:000291233300009. 

46. Miyamoto K, Murakami T, Kakumyan P, Keller NP, Matsui K. Formation of 1-octen-3-ol 

from Aspergillus flavus conidia is accelerated after disruption of cells independently of Ppo 

oxygenases, and is not a main cause of inhibition of germination. Peerj. 2014;2. doi: 

10.7717/peerj.395. PubMed PMID: WOS:000347607900003. 

47. Heddergott C, Calvo AM, Latge JP. The Volatome of Aspergillus fumigatus. Eukaryotic Cell. 

2014;13(8):1014-25. doi: 10.1128/ec.00074-14. PubMed PMID: WOS:000341582800007. 

48. Yanagawa A, Imai T, Akino T, Toh Y, Yoshimura T. Olfactory Cues from Pathogenic 

Fungus Affect the Direction of Motion of Termites, Coptotermes formosanus. Journal of 

Chemical Ecology. 2015;41(12):1118-26. doi: 10.1007/s10886-015-0649-8. PubMed PMID: 

WOS:000368247200006. 

49. Zhao LJ, Yang XN, Li XY, Mu W, Liu F. Antifungal, Insecticidal and Herbicidal Properties 

of Volatile Components from Paenibacillus polymyxa Strain BMP-11. Agricultural Sciences in 

China. 2011;10(5):728-36. doi: 10.1016/s1671-2927(11)60056-4. PubMed PMID: 

WOS:000290591300011. 

50. Herrera JM, Pizzolitto RP, Zunino MP, Dambolena JS, Zygadlo JA. Effect of fungal volatile 

organic compounds on a fungus and an insect that damage stored maize. Journal of Stored 

Products Research. 2015;62:74-80. doi: 10.1016/j.jspr.2015.04.006. PubMed PMID: 

WOS:000357224400012. 

51. Faldt J, Jonsell M, Nordlander G, Borg-Karlson AK. Volatiles of bracket fungi Fomitopsis 

pinicola and Fomes fomentarius and their functions as insect attractants. Journal of Chemical 

Ecology. 1999;25(3):567-90. doi: 10.1023/a:1020958005023. PubMed PMID: 

WOS:000079276200011. 

52. Tabata J, De Moraes CM, Mescher MC. Olfactory Cues from Plants Infected by Powdery 

Mildew Guide Foraging by a Mycophagous Ladybird Beetle. Plos One. 2011;6(8). doi: 

10.1371/journal.pone.0023799. PubMed PMID: WOS:000294126900044. 

 




