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plan approved by the Doctoral Committee of the Doctoral Program in Agricultural and 
Biosystems Science and Engineering, and organized as a compilation of publications to obtain the 
Doctoral degree from the University of Valladolid, has been carried out under my supervision by 
Ms. Eva Sánchez Hernández at the Higher Technical School of Agricultural Engineering at the 
University of Valladolid. It has my authorization to be presented and to undergo the necessary 
procedures until its evaluation by the respective Committee. 
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REPORT ON THE PUBLICATIONS INCLUDED IN THIS DOCTORAL THESIS 

This Doctoral Thesis comprises a compilation of previously published works, consisting of 
nineteen articles published in scientific journals indexed in the Web of Science (WOS) – Journal 
Citation Reports (JCR) database. Seventeen of these journals are in the first quartile (Q1), while 
two are in the second quartile (Q2). Additionally, this Doctoral Thesis includes three patents, one 
of which has a PCT (Patent Cooperation Treaty) application. Ms. Eva Sánchez Hernández is the 
first author in fifteen of the publications (thirteen in Q1 and two in Q2), the second author in four 
publications, and a co-inventor of the three patents. The University of Valladolid owns the rights 
to these patents. The complete references for the articles, grouped by thematic area (woody crops, 
cereal crops, horticultural crops, post-harvest protection) for ease of reference, and patents that 
constitute the body of the Doctoral Thesis are as follows: 

Woody crops 

1. E. Sánchez Hernández, L. Buzón Durán, N. Langa Lomba, J. Casanova Gascón, B. Lorenzo Vidal,
J. Martín Gil, P. Martín-Ramos. “Characterization and antimicrobial activity of a halophyte from
the Asturian coast (Spain): Limonium binervosum (G.E.Sm.) C.E.Salmon”. Plants, 2021, 10(9), 1852,
https://doi.org/10.3390/plants10091852; Q1 JCR (Science Edition - Plant Sciences, 39/238). JIF2021

= 4.658. 
2. E. Sánchez Hernández, L. Buzón Durán, B. Lorenzo Vidal, J. Martín Gil, P. Martín Ramos.

“Physicochemical characterization and antimicrobial activity against Erwinia amylovora, Erwinia
vitivora, and Diplodia seriata of a light purple Hibiscus syriacus L. cultivar”. Plants, 2021, 10(9),
1876, https://doi.org/10.3390/plants10091876; Q1 JCR (Science Edition - Plant Sciences, 39/238).
JIF2021 = 4.658.

3. D. Ruano Rosa, E. Sánchez Hernández, R. Baquero Foz, P. Martín Ramos, J. Martín Gil, S. Torres
Sánchez, J. Casanova Gascón. “Chitosan-based bioactive formulations for the control of
powdery mildew in viticulture”. Agronomy, 2022, 12(2), 495,
https://doi.org/10.3390/agronomy12020495; Q1 JCR (Science Edition – Agronomy, 16/88). JIF2022

= 3.7. 
4. E. Sánchez Hernández, L. Buzón Durán, J.A. Cuchí Oterino, J. Martín Gil, B. Lorenzo Vidal, P.

Martín Ramos. “Dwarf pomegranate (Punica granatum L. var. nana): Source of 5-HMF and
bioactive compounds with applications in the protection of woody crops”. Plants, 2022, 11(4),
550, https://doi.org/10.3390/plants11040550; Q1 JCR (Science Edition - Plant Sciences, 43/238).
JIF2022 = 4.3.

5. E. Sánchez Hernández, C. Andrés Juan, L. Buzón Durán, A. Correa Guimaraes, J. Martín Gil, Pa.
Martín Ramos. “Antifungal activity of methylxanthines against grapevine trunk diseases”.
Agronomy, 2022, 12(4), 885, https://doi.org/10.3390/agronomy12040885; Q1 JCR (Science Edition
– Agronomy, 16/88). JIF2022 = 3.7.

6. E. Sánchez Hernández, Vicente González García, José Casanova Gascón, Juan J. Barriuso Vargas,
Joaquín Balduque Gil, Belén Lorenzo Vidal, Jesús Martín Gil, Pablo Martín-Ramos.
“Valorization of Quercus suber L. bark as a source of phytochemicals with antimicrobial activity
against apple tree diseases”. Plants, 2022, 11(24), 3415, https://doi.org/10.3390/plants11243415;
Q1 JCR (Science Edition - Plant Sciences, 43/238). JIF2022 = 4.5.

7. E. Sánchez Hernández, J. Balduque Gil, V. González García, J.J. Barriuso Vargas, J. Casanova
Gascón, J. Martín Gil, P. Martín Ramos. “Phytochemical profiling of Sambucus nigra L. flower
and leaf extracts and their antimicrobial potential against almond tree pathogens”. International
Journal of Molecular Sciences, 2023, 24(2), 1154, https://doi.org/10.3390/ijms24021154; Q1 JCR
(Science Edition - Biochemistry & Molecular Biology, 66/285). JIF2022 = 5.6.
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8. E. Sánchez Hernández, J. Balduque Gil, J.J. Barriuso Vargas, J. Casanova Gascón, V. González 
García, J.A. Cuchí Oterino, B. Lorenzo Vidal, J. Martín Gil, P. Martín Ramos. “Holm oak (Quercus 
ilex subsp. Ballota (Desf.) Samp.) bark aqueous ammonia extract for the control of invasive forest 
pathogens”. International Journal of Molecular Sciences, 2022, 23(19), 11882, 
https://doi.org/10.3390/ijms231911882; Q1 JCR (Science Edition - Biochemistry & Molecular 
Biology, 66/285). JIF2022 = 5.6. 

9. E. Sánchez Hernández, A. Teixeira, C. Pereira, A. Cruz, J. Martín Gil, R. Oliveira, P. Martín 
Ramos. “Chemical constituents and antimicrobial activity of a Ganoderma lucidum (Curtis.) P. 
Karst. aqueous ammonia extract”. Plants, 2023, 12(12), 2271, 
https://doi.org/10.3390/plants12122271; Q1 JCR (Science Edition - Plant Sciences, 43/238). JIF2022 
= 4.5. 

 
Cereal crops 
10. E. Sánchez Hernández, V. González García, A. Correa Guimarães, J. Casanova Gascón, J. Martín 

Gil, P. Martín Ramos. “Phytochemical profile and activity against Fusarium species of Tamarix 
gallica bark aqueous ammonia extract”. Agronomy, 2023, 13(2), 496, 
https://doi.org/10.3390/agronomy13020496; Q1 JCR (Science Edition – Agronomy, 16/88). JIF2022 
= 3.7. 

 
Horticultural crops 
11. E. Sánchez Hernández, V. González García, J. Martín Gil, B. Lorenzo Vidal, A. Palacio Bielsa, P. 

Martín Ramos. “Phytochemical screening and antibacterial activity of Taxus baccata L. against 
Pectobacterium spp. and Dickeya chrysanthemi”. Horticulturae, 2023, 9(2), 201, 
https://doi.org/10.3390/horticulturae9020201; Q1 JCR (Science Edition – Horticulture, 6/36). 
JIF2022 = 3.1. 

12. E. Sánchez Hernández, V. González García, A. Palacio Bielsa, B. Lorenzo Vidal, L. Buzón Durán, 
J. Martín Gil, P. Martín Ramos. “Antibacterial activity of Ginkgo biloba extracts against Clavibacter 
michiganensis subsp. michiganensis, Pseudomonas spp., and Xanthomonas vesicatoria”. Horticulturae, 
2023, 9(4), 461, https://doi.org/10.3390/horticulturae9040461; Q1 JCR (Science Edition – 
Horticulture, 6/36). JIF2022 = 3.1. 

13. E. Sánchez Hernández, V. González García, A. Palacio Bielsa, J. Casanova Gascón, L.M. Navas 
Gracia, J. Martín Gil, P. Martín Ramos. “Phytochemical constituents and antimicrobial activity 
of Euphorbia serrata L. extracts for Borago officinalis L. crop protection”. Horticulturae, 2023, 9(6), 
652, https://doi.org/10.3390/horticulturae9060652; Q1 JCR (Science Edition – Horticulture, 6/36). 
JIF2022 = 3.1.  

 
Post-harvest protection 
14. E. Sánchez Hernández, P. Martín Ramos, J. Martín Gil, A. Santiago Aliste, S. Hernández 

Navarro, R. Oliveira, V. González García. “Uncaria tomentosa L. for the control of strawberry 
phytopathogens”. Horticulturae, 2022, 8(8), 672, https://doi.org/10.3390/horticulturae8080672; Q1 
JCR (Science Edition – Horticulture, 6/36). JIF2022 = 3.1. 

15. A. Teixeira, E. Sánchez Hernández, J. Noversa, A. Cunha, I. Cortez, G. Marques, P. Martín 
Ramos, R. Oliveira. “Antifungal activity of plant waste extracts against phytopathogenic fungi: 
Allium sativum peels extract as a promising product targeting the fungal plasma membrane and 
cell wall”. Horticulturae, 2023, 9(2), 136, https://doi.org/10.3390/horticulturae9020136; Q1 JCR 
(Science Edition – Horticulture, 6/66). JIF2022 = 3.1.  

16. L. Buzón Durán, E. Sánchez Hernández, M. Sánchez Báscones, M.C. García González, S. 
Hernández Navarro, A. Correa Guimarães, P. Martín Ramos. “A coating based on bioactive 
compounds from Streptomyces spp. and chitosan oligomers to control Botrytis cinerea preserves 
the quality and improves the shelf life of table grapes”. Plants, 2023, 12(3), 577, 
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https://doi.org/10.3390/plants12030577; Q1 JCR (Science Edition - Plant Sciences, 43/238). JIF2022 
= 4.5. 

17. E. Sánchez Hernández, P. Martín Ramos, L.M. Navas Gracia, J. Martín Gil, A. Garcés Claver, A.
Flores León, V. González García. “Armeria maritima (Mill.) Willd. flower hydromethanolic
extract for Cucurbitaceae fungal diseases control”. Molecules, 2023, 28(9), 3730,
https://doi.org/10.3390/molecules28093730; Q2 JCR (Science Edition - Chemistry,
Multidisciplinary, 63/178). JIF2022 = 4.6. 

18. L. Buzón Durán, E. Sánchez Hernández, P. Martín Ramos, L.M. Navas Gracia, M.C. García
González, R. Oliveira, J. Martín Gil. “Silene uniflora extracts for strawberry postharvest
protection”. Plants, 2023, 12(9), 1846, https://doi.org/10.3390/plants12091846; Q1 JCR (Science
Edition - Plant Sciences, 43/238). JIF2022 = 4.5.

19. E. Sánchez Hernández, J. Álvarez Martínez, V. González García, J. Casanova Gascón, J. Martín
Gil, P. Martín Ramos. “Helichrysum stoechas (L.) Moench inflorescence extract for tomato disease
management”. Molecules, 2023, 28(15), 5861, https://doi.org/10.3390/molecules28155861; Q2 JCR
(Science Edition - Chemistry, Multidisciplinary, 63/178). JIF2022 = 4.6.

Patents 
20. E. Sánchez Hernández, J. Martín Gil, L. Buzón Durán, P. Martín Ramos. “Compuesto

reticulado de lignina metacrilada y oligómeros de quitosano capaz de actuar como
nanotransportador de compuestos bioactivos, método de obtención y usos”. Spanish patent
with application number P202131019, filed on 29th October 2021. Granted on 3rd May 2023,
with patent number ES2940132.

21. E. Sánchez Hernández, A. Santiago Aliste, Je. Martín Gil, P. Martín Ramos. “Nanomaterial
basado en el autoensamblaje de g-C3N4 y oligómeros de quitosano, proceso de obtención y
usos”. Spanish patent with application number P202230668, filed on 20th July 2022. Extended
with international application number PCT/ES2023/070409.

22. E. Sánchez Hernández, A. Santiago Aliste, J. Martín Gil, P. Martín Ramos. “Nanomaterial
encapsulante formado por g-C3N4 y oligómeros de quitosano enlazados a hidroxiapatito,
proceso de obtención y usos”. Spanish patent with application number P202330435, filed on
31st May 2023.

Every article featured in this Doctoral Thesis has been published through the Open Access (OA) 
model, ensuring that there are no financial burdens on readers, authors, institutions, or associated 
research projects. This achievement has been facilitated by full waivers generously provided by 
the Open Access (OA) publisher, mirroring the principles of Diamond Open Access. This 
approach is in harmony with the guidelines set forth in the San Francisco Declaration on Research 
Assessment (DORA) and the Coalition for Advancing Research Assessment (CoARA). 

Article no. 4 has been honored with the designation of "Editor's Choice". Article no. 11 has been 
distinguished as a "Feature Paper". Article 10 has been distinguished as a "Feature Paper". Article 
no. 12 has been selected as the "Journal title story" in Horticulturae (15/05/2023). It is prominently 
featured on the main page of the journal in the "Highly accessed articles" section due to the 
significant interest it has generated, evidenced by a high number of downloads since its 
publication on 05/04/2023. Additionally, it has been chosen as "Editor's Choice". Article no. 13 has 
been recognized as a "Feature Paper" and selected as "Editor's Choice". Article no. 14 has also been 
recognized as a "Feature paper" and selected as "Editor's Choice" for the July-December 2022 period 
in the category of "Postharvest Biology, Quality, Safety, and Technology". Article no. 15 has been 
chosen as the cover for the February issue of the journal, standing out among 166 articles 
published in that edition. It has also been acknowledged as a "Feature Paper".  
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Other articles in JCR-indexed journals, co-authored during the development of the Doctoral 
Thesis and related to the previous ones, have been excluded from the compendium because they 
are part of other previously defended Doctoral Theses: 
23. E. Sánchez Hernández, L. Buzón Durán, C. Andrés Juan, B. Lorenzo Vidal, J. Martín Gil, P.

Martín-Ramos. “Physicochemical characterization of Crithmum maritimum L. and Daucus carota
subsp. gummifer (Syme) Hook.fil. and their antimicrobial activity against apple tree and grapevine
phytopathogens”. Agronomy, 2021, 11(5), 886, https://doi.org/10.3390/agronomy11050886; Q1 JCR
(Science Edition – Agronomy, 18/90). JIF2021 = 3.949.

24. N. Langa Lomba, L. Buzón Durán, P. Martín Ramos, J. Casanova Gascón, J. Martín Gil, E. Sánchez
Hernández, V. González García. “Assessment of conjugate complexes of chitosan and Urtica
dioica or Equisetum arvense extracts for the control of grapevine trunk pathogens”. Agronomy, 2021,
11(5), 976; https://doi.org/10.3390/agronomy11050976; Q1 JCR (Science Edition – Agronomy,
18/90). JIF2021 = 3.949.

25. N. Langa Lomba, L. Buzón Durán, E. Sánchez Hernández, P. Martín Ramos, J. Casanova Gascón,
J. Martín Gil, V. González García. “Antifungal activity against Botryosphaeriaceae fungi of the
hydro-methanolic extract of Silybum marianum capitula conjugated with stevioside”. Plants, 2021,
10(7), 1363, https://doi.org/10.3390/plants10071363; Q1 JCR (Science Edition - Plant Sciences,
39/238). JIF2021 = 4.658.

26. N. Langa Lomba, E. Sánchez Hernández, L. Buzón Durán, V. González García, J. Casanova
Gascón, J. Martín Gil, P. Martín Ramos. “Activity of anthracenediones and flavoring phenols in
hydromethanolic extracts of Rubia tinctorum against grapevine phytopathogenic fungi”. Plants,
2021, 10(8), 1527; https://doi:10.3390/plants10081527; Q1 JCR (Science Edition - Plant Sciences,
39/238). JIF2021 = 4.658.

27. E. Sánchez Hernández, N. Langa Lomba, V. González García, J. Casanova Gascón, J. Martín Gil,
A. Santiago Aliste, S. Torres Sánchez, P. Martín Ramos. “Lignin-chitosan nanocarriers for the
delivery of bioactive natural products against wood-decay phytopathogens”. Agronomy, 2022,
12(2), 461; https://doi.org/10.3390/agronomy12020461; Q1 JCR (Science Edition – Agronomy,
16/88), JIF2022 = 3.7.

28. L. Buzón Durán, N. Langa Lomba, V. González García, J. Casanova Gascón, E. Sánchez
Hernández, J. Martín Gil, P. Martín Ramos. “Rutin-stevioside and related conjugates for potential 
control of grapevine trunk diseases”. Phytopathologia Mediterranea, 2022, 61 (1), 65,
https://doi.org/10.36253/phyto-13108; Q2 JCR (Science Edition - Plant Sciences, 30/88). JIF2022 = 2.4.

29. A. Santiago Aliste, E. Sánchez Hernández, N. Langa Lomba, V. González García, J. Casanova
Gascón, J. Martín Gil, P. Martín Ramos. “Multifunctional nanocarriers based on chitosan
oligomers and graphitic carbon nitride assembly”. Materials, 2022, 15(24), 8981;
https://doi.org/10.3390/ma15248981; Q2 JCR (Science Edition - Metallurgy & Metallurgical
Engineering, 20/78), JIF2022 = 3.4. 

30. N. Langa Lomba, J. Grimplet, E. Sánchez Hernández, P. Martín Ramos, J. Casanova Gascón, C.
Julián Lagunas, V. González García. “Metagenomic study of fungal microbial communities in
two PDO Somontano vineyards (Huesca, Spain): Effects of age, plant genotype, and initial
phytosanitary status on the priming and selection of their associated microorganisms” Plants,
2023, 12(12), 2251, https://doi.org/10.3390/plants12122251; Q1 JCR (Science Edition - Plant
Sciences, 43/238). JIF2022 = 4.5.

31. A. Santiago Aliste, E. Sánchez Hernández, L. Buzón Durán, J.L. Marcos Robles, J. Martín Gil, P.
Martín Ramos. “Uncaria tomentosa-loaded chitosan oligomers–hydroxyapatite–carbon nitride
nanocarriers for postharvest fruit protection”. Agronomy, 2023, 13(9), 2189;
https://doi.org/10.3390/agronomy13092189; Q1 JCR (Science Edition – Agronomy, 16/88), JIF2022 =
3.7. 
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In addition, other articles published in JCR-indexed journals, co-authored during the 
development of the Doctoral Thesis and related to the aforementioned ones, have not been 
included in the Doctoral Thesis compendium for reasons of thematic coherence: 
32. B. Ayuda Durán, E. Sánchez Hernández, S. González Manzano, C. Santos Buelga, A.M.

González Paramás. “The effects of polyphenols against oxidative stress in Caenorhabditis
elegans are determined by coexisting bacteria”. Frontiers in Nutrition, 2022, 9, 989427,
https://doi.org/10.3389/fnut.2022.989427; Q2 JCR (Nutrition & Dietetics, 28/88). JIF2022 = 5.0.

33. J. Balduque Gil, F.J. Lacueva Pérez, G. Labata Lezaun, R. del Hoyo Alonso, S. Ilarri, E. Sánchez
Hernández, P. Martín Ramos, J.J. Barriuso Vargas. “Big data and machine learning to improve
European grapevine moth (Lobesia botrana) predictions”. Plants, 2023, 12 (3), 633,
https://doi.org/10.3390/plants12030633; Q1 JCR (Science Edition - Plant Sciences, 43/238). JIF2022

= 4.5. 
34. A. Santiago Aliste, E. Sánchez Hernández, C. Andrés Juan, P. Chamorro Posada, G. Antorrena,

J. Martín Gil, P. Martín Ramos. “F,O,S-codoped graphitic carbon nitride as an efficient
photocatalyst for the synthesis of benzoxazoles and benzimidazoles”. Catalysts, 2023, 13(2), 385;
https://doi.org/10.3390/catal13020385; Q2 JCR (Science Edition - Chemistry, Physical, 71/161).
JIF2022 = 3.9. 

35. E. Sánchez Hernández, P. Martín Ramos, J. Niño Sánchez, S. Diez Hermano, F. Álvarez Taboada, 
R. Pérez García, A. Santiago Aliste, J. Martín Gil, J.J. Diez Casero. “Characterization of
Leptoglossus occidentalis eggs and egg glue”. Insects, 2023, 14 (4), 396,
https://doi.org/10.3390/insects14040396; Q1 JCR (Science Edition – Entomology, 15/100). JIF2022 =
3.0. 

The research presented in this Doctoral Thesis has been partly funded through the project 
"Synthesis of nanocarriers for the vehiculation of fertilizers and phytosanitary products and their 
aerial application using UAVs” (APLICADRON), as a special prize for new entrepreneurs in the 
University-Entrepreneurial Challenge Competition (2022 edition); the project “Agro-ecological 
strategies for resilient farming in West Africa (CIRAWA)”, ID 101084398, through the Horizon 
Europe Program (HORIZON-CL6-2022-FARM2FORK-01); the project "Synthesis and validation 
of new antifungals of natural origin with applications in viticulture: Strategies against tinder 
control in the D. O. Ribera del Duero" (VA258P18), through the Support Program for Research 
Projects Co-Financed by the European Regional Development Fund of the Junta de Castilla y 
León; the project "New bioactive compositions for phytosanitary applications in viticulture”, 
awarded in the IV Call for Grants from the AgroBank Chair for the Transfer of Knowledge to the 
Agri-food Sector; the project "Systems for the effective and sustainable control of fungal wood 
diseases in young grapevines" (JIUZ-2020-TEC-06), funded by the Fundación Ibercaja-
Universidad de Zaragoza Call for Research, Development, and Innovation Projects for Young 
Researchers; and the project "Synthesis and characterization of new antifungal compositions for 
phytosanitary applications” (NEWPHYTOSAN, UZ2019-TEC-07), awarded in the 2019 Call for 
Research Projects at the University of Zaragoza. 
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En memoria de mi abuela Antonia,  
por su crianza y amor a las plantas 

 

 

 

 

A science – so the Savans say, 
“Comparative Anatomy” – 
By which a single bone – 
Is made a secret to unfold 
Of some rare tenant of the mold– 
Else perished in the stone –  
 

So to the eye prospective led, 
This meekest flower of the mead 
Opon a winter’s day, 
Stands representative in gold 
Of Rose and Lily, manifold, 
And countless Butterfly! 
 

Emily Dickinson, poem 147 (Emily Dickinson, 
Poemas y Cartas 1–600, trad. A. Mañeru Méndez 
y C. Oliart Delgado de Torres, eds. A. Mañeru 
Méndez y C. Oliart Delgado de Torres, Madrid, 
Sabina editorial, 2023).  
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RESUMEN 

En el contexto actual, caracterizado por el aumento de la población mundial y el cambio climático, 
la prioridad de asegurar la productividad y calidad de los cultivos agrícolas ha sido ampliamente 
reconocida a nivel internacional, especialmente a través del Objetivo de Desarrollo Sostenible 
(ODS) 2 de la Agenda 2030. No obstante, es crucial abordar este desafío de manera responsable y 
sostenible, como subraya el ODS 12, particularmente en lo que respecta a la substitución de 
productos fitosanitarios convencionales. La presente Tesis Doctoral se centra en la aplicación de 
extractos naturales para el control de fitopatógenos, tanto en la fase de precosecha como en la de 
postcosecha. El énfasis recae en la extracción y caracterización físicoquímica de una variedad de 
extractos, abarcando plantas como Limonium binervosum, Hibiscus syriacus, Punica granatum var. 
nana, Quercus suber, Sambucus nigra, Quercus ilex subsp. ballota, Tamarix gallica, Taxus baccata, 
Ginkgo biloba, Euphorbia serrata, Uncaria tomentosa, Armeria maritima, Silene uniflora, Helichrysum 
stoechas, residuos como las pieles de Allium sativum, hongos como Ganoderma lucidum, metabolitos 
secundarios de Streptomyces spp., y productos naturales purificados como las metilxantinas. La 
eficacia de estos extractos se evaluó frente a patógenos que afectan a cultivos leñosos, extensivos 
(cereales) y hortícolas, así como patógenos postcosecha, mediante ensayos in vitro, in vivo y ex 
situ. Los resultados obtenidos revelan que las eficacias de estos extractos son comparables o 
incluso superiores a las de fitosanitarios convencionales como las estrobirulinas o los fosfonatos. 
Este enfoque no solo demuestra ser prometedor en términos de control de plagas, sino que 
también resalta la viabilidad de adoptar prácticas agrícolas más sostenibles y respetuosas con el 
medio ambiente, alineándose con los principios establecidos en la Agenda 2030. 

Palabras clave: biorracionales, fitopatología, quitosano, productos naturales, protección de 
cultivos, protección postcosecha. 



ABSTRACT 

In the current context, characterized by the increasing global population and climate change, the 
priority of ensuring productivity and quality in agricultural crops has been widely recognized 
internationally, particularly through Sustainable Development Goal (SDG) 2 of the 2030 Agenda. 
However, it is crucial to address this challenge responsibly and sustainably, as emphasized by 
SDG 12, especially regarding the substitution of conventional phytosanitary products. This 
Doctoral Thesis focuses on the application of natural extracts for the control of phytopathogens, 
both in the pre-harvest and post-harvest phases. The emphasis is on the extraction and 
physicochemical characterization of a variety of extracts, including plants such as Limonium 
binervosum, Hibiscus syriacus, Punica granatum var. nana, Quercus suber, Sambucus nigra, Quercus 
ilex subsp. ballota, Tamarix gallica, Taxus baccata, Ginkgo biloba, Euphorbia serrata, Uncaria tomentosa, 
Armeria maritima, Silene uniflora, Helichrysum stoechas, residues like Allium sativum peels, fungi 
such as Ganoderma lucidum, secondary metabolites from Streptomyces spp., and purified natural 
products like methylxanthines. The efficacy of these extracts was assessed against pathogens 
affecting woody, extensive (cereals), and horticultural crops, as well as post-harvest pathogens, 
through in vitro, in vivo, and ex-situ trials. The results obtained reveal that the efficacy of these 
extracts is comparable or even superior to conventional phytosanitary products such as 
strobilurins or phosphonates. This approach not only proves promising in terms of pest control 
but also underscores the feasibility of adopting more sustainable and environmentally friendly 
agricultural practices, aligning with the principles outlined in the 2030 Agenda. 

Keywords: biorationals, chitosan, crop protection, natural products, phytopathology, 
postharvest protection. 
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1.1. Towards sustainable agriculture 

Given the projection of continued global population growth, estimated to reach 9.7 billion people 
by 2050, a significant increase in food supply is required [1]. This escalation is pivotal for 
addressing sustainability and global food security, aligning with Sustainable Development Goal 
(SDG) 2 of the 2030 Agenda. Currently, approximately 40% of the world's food production is lost 
due to pathogens, pests, and weeds, posing the most urgent threat to global food security [2]. 
This results in severe economic and nutritional losses throughout the product value chain [3]. To 
address this growing demand for food, coupled with the limited availability of additional 
agricultural land, the primary focus lies on increasing yield per unit area and reducing yield 
losses [4,5]. Consequently, a further enhancement of plant disease control efficiency is expected 
to significantly contribute to the global increase in food demand [6]. To ensure sustainable 
production patterns (SDG target 12.4) and bolster food security, current legislative frameworks 
advocate for the use of integrated pest management (IPM). 

Current plant disease management primarily involves non-chemical measures, which are 
predominantly preventive and include cultural practices such as utilizing disease-resistant plant 
cultivars and crop rotation [7]. Chemical pesticides, on the other hand, are used for both 
preventive and curative disease management [7,8]. They play a crucial role in contemporary 
agriculture concerning increasing crop yield and quality, enhancing food safety (e.g., in relation 
to reducing microbial toxins), and improving shelf life [9]. 

Despite their undeniable positive contribution to effective plant disease and pest control, growing 
concern surrounds the negative effects of chemical pesticides on human health and their adverse 
impact on the environment, including soil and water pollution and toxicity to beneficial 
organisms [10]. Furthermore, intensive pesticide use has led to the development of resistant pests 
and pathogens, such as fungi insensitive to broad-spectrum strobilurin or azole-based fungicides 
[11]. This results in even higher application doses and an urgency for alternative pesticides with 
a different mode of action [12]. However, the availability and variety of these novel pesticides are 
currently limited and insufficient to counteract the issue of growing resistance development 
[13,14].  

Most developed countries enforce strict regulations on the use of toxic chemical fertilizers and 
pesticides or outright prohibit them, implementing various integrated pest management 
programs [15]. Additionally, the accessibility of efficient pesticides is further decreasing due to 
increasingly stringent legislation [13]. European Union (EU) directives like 91/414/EEC, for 
instance, resulted in the withdrawal of approximately 750 out of 1,000 products from the legally 
authorized active pesticide substance list between 1993 and 2011, with only 180 new products 
registered [16]. In addition to its stricter regulations on pesticide use, the EU advocates for disease 
management with reduced pesticide inputs, as evidenced by the IPM program implemented 
through Directive 2009/128/EC. Article 14 of this directive establishes the foundation for 
sustainable pesticide use, with a primary focus on reducing their usage as a fundamental 
objective. In Spanish legislation, the sustainable use of phytosanitary products is referenced in 
Royal Decree 1311/2012. 

The development of bioactive natural products for the creation of ecological phytosanitary 
products is garnering increasing attention as an alternative to synthetic fungicides for managing 
various plant fungal diseases [17,18]. This is due to their advantages in terms of safety, easy 
biodegradability, environmental friendliness, low toxicity, and specificity [19]. Furthermore, it is 
an ecological and cost-effective process without the formation of metabolites after action [20].  

The use of bioactive products in crop protection or post-harvest protection has been extensively 
discussed in several recent reviews [2,21-23]. Additionally, to explore synergies, it is 
recommended to use bioactive natural products in combination with other substances (such as 



INTRODUCTION 

3 

chitosan) for effective control and to minimize pathogen tolerance [24]. Chitosan exhibits 
antimicrobial properties but also functions as an elicitor, stimulating natural defense mechanisms 
[25]. The accepted and potential mechanisms behind its antimicrobial properties are extensively 
discussed in the review by Ma et al. [26]. According to SANCO/12388/2013, chitosan can be used 
in an aqueous solution for application in various crops, including "berry fruits and small fruits". 
 
 

1.2. Pathogens of interest in agroforestry 

The outbreaks of emerging plant diseases and pests impact food security, national security, and 
human health, with severe economic implications for agriculture. Emerging plant diseases are 
already becoming more prevalent, and —in the coming decades— changes in the geographical 
distribution of pests and pathogens in response to climate change and increased global trade are 
expected to make them more frequent and severe [27]. 

This Doctoral Thesis has addressed relevant phytopathogens, both at the Iberian Peninsula and 
global levels, divided into four major thematic areas: woody crops, horticultural crops, cereal 
crops, and postharvest fruit protection. A brief discussion of their importance is provided below. 

In the context of woody crops, particular attention has been given to the protection of fruit crops, 
especially in the Rosaceae family (Malus spp., Prunus spp., and Pyrus spp.), and viticulture (Vitis 
vinifera L.). Concerning the former, fungi of the genus Monilinia, especially Monilinia fructigena 
(Pers.) Honey and Monilinia laxa (Aderh. & Ruhland) Honey, cause brown rot disease in stone 
and pome fruits. In susceptible cultivars, these taxa spread to both young shoots and floral buds, 
causing cankers on twigs and wilting of growing shoots, as well as fruit rot. Monilinia laxa leads 
to significant losses in stone fruit in the field and post-harvest [28,29]. Diaporthe amygdali (Delacr.) 
Udayanga, Crous, and K.D. Hyde has been identified as the causal agent of canker and branch 
dieback in almonds and peaches, being associated with fruit rot in peaches and “canker 
Fusicoccum” in almonds [30]. 

In cultivars of Prunus spp. and Malus spp., more than ten species of Phytophthora causing root rot, 
crown rot, and stem and scaffold cankers have been identified. Among them, soilborne infection 
caused by Phytophthora megasperma Drechs. is frequently associated with root and crown rot, as 
well as trunk cankers [31], leading to tree losses, especially in young plants in poorly drained 
soils. Meanwhile, Phytophthora cactorum (Lebert & Cohn) J. Schröt. causes fruit rot, starting with 
wilting and culminating in tissue destruction, affecting apple, apricot, citrus, plum, and 
strawberry crops.  

Other soilborne pathogens considered among the most severe fungal diseases in the world are 
species of the genus Verticillium. Specifically, Verticillium dahliae Kleb. can infect over 200 plant 
species worldwide [32], causing the so-called Verticillium wilt, which damages developing 
orchards and reduces productivity by causing branch dieback in Prunus spp. 

Concerning grapevine trunk diseases, Botryosphaeriaceae dieback is one of the most harmful, 
emerging, and widespread wood diseases currently affecting vineyards [33,34]. Species 
associated with the “dead arm” syndrome belong to the genera Botryosphaeria, Neofusicoccum, 
Neoscytalidium, Phaeobotryosphaeria, Diplodia, Lasiodiplodia, Dothiorella, Spencermartinsia, and 
Sphaeropsis [35]. Notably, among them is Neofusicoccum parvum (Pennycook & Samuels) Crous, 
Slippers & A.J.L. Phillips, a highly virulent and polyphagous pathogen that rapidly infects wood 
[36]. Due to climate change, it is becoming an emerging disease in Rosaceae plant species [37], 
increasing the need to understand its pathogenicity, particularly concerning economically 
valuable apple varieties [38]. Diplodia seriata is also noteworthy, causing acronecrosis, cankers, 
leaf spots, and fruit rot in a wide range of hosts, including grapevines [39] and apple trees [40]. 
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As for bacterial diseases, Erwinia amylovora (Burrill, 1882) Winslow et al., 1920 and Xylophilus 
ampelinus (Panagopoulos, 1969) Willems et al., 1987 (syn. Xanthomonas ampelina Panagopoulos 
1969 and Erwinia vitivora Du Plessis) are A2 quarantine organisms according to the European and 
Mediterranean Plant Protection Organization (EPPO). E. amylovora, the causal agent of fire blight 
—a devastating disease of grapes, apples, and pears— can be found in the updated review by 
Zhao et al. [41]. X. ampelinus, causing bacterial blight of grapevines (the "maladie d'Oléron" or 
"mal nero"), results in more than 70% crop losses [42], and its symptoms are often confused with 
those of "dead arm," caused by Botryosphaeriaceae fungi. As for Pseudomonas syringae pv. syringae 
van Hall, it causes bacterial spots on leaves and cankers and can affect species in the families 
Fabaceae, Cruciferae, Solanaceae, and Rosaceae [43]. 

Regarding grapevine aerial organs, powdery mildew (Erysiphe necator Schwein. synonym 
Uncinula necator (Schwein.) Burrill) is a particularly important disease [44]. Its incidence and 
severity are increasing as a consequence of climate change [45,46], and, in France, it has been 
estimated that its treatment accounts for about half of the production cost. Under favorable 
environmental conditions, the pressure of this disease forces the use of enormous quantities of 
phytosanitary products, which entails high economic and environmental costs and, in many 
cases, quickly generates resistance [47]. According to Eurostat data, the application of 
phytosanitary products per hectare per year in viticulture is the highest of all crops [48]. In some 
cases, the number of applications per growing season is higher than 12 [49], reaching up to 16 
applications in times of high disease pressure. In a study on pecuniary and nonpecuniary costs 
of managing powdery mildew in California grape production, Sambucci et al. [50] estimated that 
powdery mildew control accounted for 89% of crop protection applications in this sector.  

Among the pathogens that affect forest crops, Fusarium circinatum Nirenberg and O'Donnell is an 
invasive pathogen causing a disease known as pitch canker in pines. This fungus is a quarantine 
organism, listed in EPPO's (European and Mediterranean Plant Protection Organization) A2 
category and regulated in the EU [51]. It is known in many pine-producing regions, including 
natural and planted forests, and can affect all stages of tree life, from emerging seedlings to 
mature trees. In nurseries and the general environment, the pathogen affects pines (Pinus spp.) 
and Douglas fir (Pseudotsuga menziesii). Therefore, it is currently one of the most significant threats 
to Pinus spp. worldwide [52]. 

Chestnut blight is a stem disease of Castanea caused by the pathogenic fungus Cryphonectria 
parasitica (Murr.) Barr. Chestnut blight affects to a greater or lesser extent all species of Castanea. 
In American and European species, chestnut blight has caused a significant decline in wild 
populations and continues to negatively impact nut production in the European chestnut 
(Castanea sativa Mill.). However, there is limited information on the factors involved in the host-
pathogen interaction between C. parasitica and its hosts Castanea [53]  

On the other hand, Phytophthora cinnamomi Rands causes "root and crown rot" in a wide range of 
hosts, mainly belonging to the genera Castanea, Eucalyptus, Fagus, Juglans, Quercus, etc. This 
oomycete is a threat to global food security and to the health, function, and biodiversity of native 
ecosystems, such as the dehesa [54], exacerbated by climate change [55]. Phytophthora cinnamomi is 
a globally distributed pathogen that can infect thousands of species and is considered a key biotic 
driver of the decline of Quercus spp. forests in Spain [56]. It is also one of the world's most 
threatening invasive pathogens [57]. Other pathogens threatening the trees of the dehesa are fungi 
of the genus Botryosphaeria, including Botryosphaeria dothidea (Moug. ex Fr.) Ces. De Not., Diplodia 
corticola Phillips, Alves & Luque, and Dothiorella iberica Phillips, Luque & Alves, causing cankers 
and branch dieback and have been associated with the decline of oaks and cork oaks, although B. 
dothidea has also been found in other species of the genus Quercus such as Quercus robur L. and 
Quercus rubra Michx. L. [58]. 
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In the group of staple food crops, wheat and maize are particularly important for their 
contribution to food security [59]. However, cereal production is threatened by climate change 
and plant disease epidemics [60]. For example, Fusarium head blight (FHB) severely reduces the 
quality and quantity of cereal production, such as wheat, maize, and barley [61], with the added 
issue of mycotoxin production. Mycotoxins are toxic low-molecular-weight secondary 
metabolites with high thermal stability and bioaccumulation capacity, potentially harmful to 
human and animal health [62]. 

In the context of horticultural crops, global economic losses caused by bacterial diseases have been 
estimated at over one billion dollars annually worldwide [63]. Among them, Pseudomonas syringae 
van Hall [64] and Pseudomonas cichorii (Swingle 1925) Stapp, 1928 [65] infect a wide range of plant 
species, while Xanthomonas vesicatoria (Doidge) Vauterin et al. is the causal agent of bacterial leaf 
spot in tomatoes (Solanum lycopersicum L.) and peppers (Capsicum annuum L.) [66], and Clavibacter 
michiganensis subsp. michiganensis corrig. (Smith 1918) Davis et al. 1984 causes bacterial canker of 
tomatoes, also potentially affecting other solanaceous plants [67]. It is worth noting that the 
pathovars of P. syringae and C. michiganensis subsp. michiganensis are considered among the most 
relevant bacterial pathogens due to their scientific/economic importance [68]. Also noteworthy are 
bacteria responsible for soft rot and blackleg of potatoes (Solanum tuberosum L.), such as 
Pectobacterium carotovorum subsp. carotovorum (Jones 1901) Hauben et al. 1999; Pectobacterium 
atrosepticum (van Hall 1902) Gardan et al. 2003; Pectobacterium parmentieri Khayi et al. 2016; and 
Dickeya chrysanthemi (Burkholder et al. 1953) Samson et al. 2005, which cause a viscous, wet, black 
rot lesion that spreads through the stems from the rotten mother tuber, especially in humid 
conditions. It affects both seed and consumable potato production, with estimated global losses of 
€46 million per year for the European sector (with significant variability between years) [69]. 

Horticultural crops are also affected by fungal pathogens. Fusarium species, which are ubiquitous 
soil-borne pathogens and cause destructive vascular wilts, rots, and damping-off diseases, are 
among the most destructive pathogens affecting these crops [70]. Fusarium oxysporum Schltdl 
causes Fusarium wilt and root rot, destroying up to 70% of the borage (Borago officinalis L.) crop 
in 2019 in Aragon [71]. Fusarium oxysporum f. sp. niveum (E.F. Sm.) Snyder & H.N. Hansen causes 
wilt in watermelons [72]. Fusarium oxysporum f. sp. lycopersici (Sacc.) W.C. Snyder and H.N. 
Hansen causes vascular wilt of tomato disease, with a high impact on yield [73]. Fusarium equiseti 
(Corda) Sacc. not only affects the quality and quantity of cereal crops [61] but also causes crown 
and root rot in cucurbits [74].  

The genus Neocosmospora (a taxon belonging to the so-called Fusarium solani species complex, 
FSSC) contains saprophytes, plant endophytes, and economically important pathogens [75]. 
Neocosmospora falciformis (Carrión) Summerb. & Schroers has been associated with the decline of 
various plant species, as well as with the wilting and root rot of muskmelon in Spain [76]. Another 
member of the complex is Neocosmospora keratoplastica Geiser, O'Donnell, Short & Zhang, which 
also affects cucurbits causing root rot and decay [77].  

Macrophomina phaseolina (Tassi) Goid is a soil-borne pathogen that affects over 500 plant species, 
including melon, and is responsible for charcoal rot disease [78]. Symptoms include sunken, dark 
lesions at the base of the stem, as well as leaf and stem chlorosis, vine wilting, and stem and root 
rot [79].  

Rhizoctonia solani Kühn has a broad host range of over 200 plant species, especially in the 
Solanaceae family, including eggplant, bell pepper, potato, tobacco, and cultivated tomatoes in 
both greenhouse and field conditions, causing the so-called root and foot rot [80]. In turn, 
Alternaria alternata (Fr.) Keissl. is responsible for different postharvest diseases of many 
horticultural products, causing black rot and black spot [81].  

Another polyphagous pathogenic fungus, Sclerotinia sclerotiorum (Lib.) de Bary, causes stem rot 
or white mold in many commercially important crops, including cucurbits, leading to significant 
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economic losses. Additionally, sclerotia production enables it to survive in infected tissues, crop 
residues, or soil for up to eight years [82]. 

In terms of postharvest fruit protection, Botrytis cinerea Pers. and Colletotrichum spp. rank second 
and eighth, respectively, on a list of scientifically and economically important pathogenic fungi [83]. 
Botrytis cinerea has a wide range of hosts (over 200 plant species) and can cause serious damage 
before and after harvest. It produces gray mold on the fruit and senescent organs but also affects 
vegetative tissues [84]. On the other hand, the fungal genus Colletotrichum includes numerous 
important phytopathogenic species and species complexes that infect a wide variety of hosts, 
causing postharvest anthracnose [85]. Colletotrichum species are widely distributed in tropical and 
subtropical regions [86]. Several species affect temperate and Mediterranean crops of high value 
such as strawberries (Colletotrichum nymphaeae (Pass.) Aa.), apples (Colletotrichum acutatum 
J.H.Simmonds), and various fruits and vegetables (Colletotrichum coccodes (Wallr.) Hughes) [87] 

1.3. Objectives of the Doctoral Thesis 

1.3.1. Working hypothesis 

This Doctoral Thesis has been designed to tackle the challenge of mitigating the excessive use of 
chemical phytosanitary treatments in agriculture, aligning with the stipulations of the European 
Directive 2009/128/EC (Article 14) and its transposition into the Spanish Royal Decree 1311/2012. 
This initiative is particularly pertinent in a scenario where the prevalence of diseases of microbial 
origin in agroforestry crops is on the rise due to the impacts of climate change. The foundational 
hypothesis driving this research posits that conventional synthetic pesticides can potentially be 
substituted with natural products exhibiting equivalent antimicrobial efficacy. 

1.3.2. General objective 

The overarching goal of this Doctoral Thesis is to validate the effectiveness of treatments 
employing alternative products derived from natural sources in combating microbial diseases 
within agroforestry systems. This encompasses the assessment of plant extracts, extracts from 
medicinal mushrooms, and biocontrol agents (Streptomyces spp.). 

1.3.3. Specific objectives 

The general objective has been addressed through the following specific objectives: 

• Specific objective 1 (SO1): Synthesis and characterization of novel antimicrobial formulations
based on naturally occurring bioactive species with improved extraction, solubility, and
bioavailability.

• Specific objective 2 (SO2): Conduct laboratory-scale tests, both in vitro, in vivo, or ex-situ, to validate 
the proposed optimization of treatments. This involves exploring synergies among different
agents with antimicrobial activity.

• Specific objective 3 (SO3): In planta scale tests of the optimized antimicrobial compositions on
different crops with great relevance in agricultural and forestry production in the Iberian
Peninsula.

• Specific objective 4 (SO4): Technology transfer: preparation and processing of patents on the
results.

• Specific objective 5 (SO5): Dissemination of results to the scientific community, in indexed
journals and national and international conferences.
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1.4. Justification of the thematic unity of the articles 

The Doctoral Thesis is composed of 19 scientific articles and three patents, which are detailed in 
the "Report on the publications included in the Doctoral Thesis" section of this document. This 
scientific production shares the evaluation of the efficacy of hydromethanolic and/or aqueous 
ammonia extracts (depending on the plant part under study) derived from natural sources. The 
focus is on controlling emerging fungal and bacterial diseases in the Iberian Peninsula. The 
research is organized into four main thematic blocks: woody crops, extensive (cereal) crops, 
horticultural crops, and post-harvest fruit protection. 

Articles 1-7 are dedicated to the woody crops theme, focusing on evaluations against fungal 
pathogens in grapevines (Erysiphe necator, D. seriata, D. viticola, and N. parvum), apple trees (M. 
fructigena, M. laxa, and P. cactorum), and almond trees (D. amygdali, P. megasperma, and V. dahliae). 
Additionally, in articles 1, 2, 4, and 6 the broad-spectrum activity of natural products against 
phytopathogenic bacteria was also explored, including E. amylovora, X. ampelinus, and P. syringae 
pv. syringae. Regarding forest species, articles 8 and 9 address the management of emerging 
pathogens such as F. circinatum, P. cinnamomi, B. dothidea, D. corticola, and D. iberica, with ex-situ 
trials on pieces of wood to evaluate the protection of extracts against the oomycete P. cinnamomi.  

Article 10 is the only representative of the herbaceous crops (cereals) theme, with in vitro tests on 
Fusarium spp., as well as on wheat and maize grain storage protection. 

The horticultural crops block is made up of articles 11-13, where the effectiveness of extracts was 
assessed against bacterial pathogens, viz. P. carotovorum subsp. carotovorum, P. atrosepticum, P. 
parmentieri, D. chrysanthemi, C. michiganensis subsp. michiganensis, P. cichorii, P. syringae pv. pisi, P. 
syringae pv. syringae, P. syringae pv. tomato, and X. vesicatoria pv. vesicatoria, and —to a lesser extent 
— against pathogenic fungi such as B. cinerea, F. oxysporum, and S. sclerotiorum. Specifically, article 
11 includes ex-situ tests on potato tubers, while articles 12 and 13 include in planta greenhouse-
scale tests on pea and tomato plants, and borage, respectively.  

Finally, the post-harvest protection block is made up of articles 14-19, with trials on post-harvest 
protection of fruits, specifically testing their efficacy against B. cinerea and C. nymphaeae in 
strawberries and grapes, C. acutatum in apples, S. sclerotiorum in cucumbers, C. coccodes in 
tomatoes. 
 
 

1.5. General methodology 

In this Doctoral Thesis, the methodology employed in the published articles on achieving the 
programmed objectives has been as follows: 

Concerning specific objective 1, all publications worked with plant extracts in hydromethanolic or 
aqueous ammonia media, depending on the part of the plant under study. To improve solubility 
and bioavailability, they were combined with chitosan oligomers (COS) (articles 1, 2, 4-6, 9, 13, 
14, and 16-18), using Green Chemistry techniques such as ultrasonication for the formation of 
conjugated complexes. All articles share the procedure for characterizing the functional groups 
present in the plant organs and extracts, which is based on the use of attenuated total reflectance 
Fourier-transform infrared (ATR-FTIR) spectroscopy, and the elucidation of extract 
phytoconstituents by gas chromatography/mass spectrometry (GC-MS). Additionally, in articles 
1, 2, and 4, multi-elemental (CHNS) analyses were conducted. 

Regarding specific objective 2, the methodology for determining in vitro antifungal activity was the 
same in all articles (EUCAST EDef 7.2 method [88]), and the determination of in vitro antibacterial 
activity in articles working with bacterial pathogens employed the CLSI M07–11 methodology 
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[89]. Concerning the methodology for ex-situ wood protection tests (articles 6-9), it was conducted 
on wood pieces susceptible to Phytophthora spp., following the protocol set by Matheron and 
Mircetich [90] and Álvarez Bernaola [91]. Tests for the protection of corn and wheat grains (article 
10) were carried out following the protocol of Perczak et al. [92]. On the other hand, protection 
tests on potato slices (article 11) followed the methodology proposed by Abd-El-Khair et al. [93]. 
Regarding tests on post-harvest fruit protection, tests conducted on strawberries (articles 14, 16, 
and 18) followed the procedures defined by Hernández-Muñoz et al. [94] and Romanazzi et al. 
[95], and tests on grapes (article 16) followed the protocol proposed by Riquelme et al. [96]. In the 
case of apples (article 15), it was the one proposed by Pereira et al. [97] and Loebler et al. [98]. For 
cucumber protection (article 17), the protocol proposed by Onaran and Yanar [99], with slight 
modifications proposed in [100], was adopted. Finally, in tomato tests (article 19), the protocol 
proposed by Wang et al. [101] was followed. 

Regarding specific objective 3, the methodology for in-planta tests on tomato and pea plants (article 
12) and on borage plants (article 13) followed the methodology outlined by de León et al. [102], 
Martín Sanz et al. [103], and González et al. [71], respectively. 

Concerning specific objective 4, the investigations collected in articles 27, 29, and 31, which are not 
part of the compilation of publications of this Doctoral Thesis (given that they are part of another 
Doctoral Thesis) but make use of the extracts explored herein, have been the subject of Spanish 
patent applications (one of which has been internationally extended). In all cases, funding was 
provided by the General Foundation of the University of Valladolid, thanks to the PROMETEO 
2021, 2022, and 2023 awards, and with the support of ClarkeModet España and UNGRIA Patentes 
y Marcas for drafting and processing the patents. 

In relation to specific objective 5, related to the dissemination of results to the scientific community, 
it has been addressed through publication in international JCR-indexed journals; through 
presentations at congresses and events organized by the Spanish Society of AgroEngineering, the 
Spanish Society of Horticultural Sciences, the Spanish Society of Phytopathology, and the 
University of Salamanca); in Spanish language journals (“Valorización de los fitoquímicos de la 
corteza de Quercus ilex L. subsp. ballota de las dehesas zamoranas de los Arribes del Duero”, 
Anuario IEZ “Florián de Ocampo”, 2021, 71-84; https://iezfloriandeocampo.com/anuarios/2021/); 
and resorting to non-indexed publications in scientific dissemination journals (see “La revolución 
de la nanotecnología en agricultura”. The Conversation. Asociación The Conversation España, 
11/05/2023, available at https://theconversation.com/la-revolucion-de-la-nanotecnologia-en-
agricultura-191104, and the interview for the Biologicals Latam magazine entitled “Extractos 
vegetales para el control de plagas y enfermedades: El renacer de las plantas para la protección 
de los cultivos”, available at https://biologicalslatam.com/ed/04/).

https://theconversation.com/la-revolucion-de-la-nanotecnologia-en-agricultura-191104
https://theconversation.com/la-revolucion-de-la-nanotecnologia-en-agricultura-191104
https://biologicalslatam.com/ed/04/
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antimicrobial activity against apple tree diseases”. Plants, 2022, 11(24), 3415, 
https://doi.org/10.3390/plants11243415; Q1 JCR (Science Edition - Plant Sciences, 43/238). JIF2022 = 4.5. 
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In-depth analyses of the comparative effectiveness of each extract, concerning other natural 
products, are expounded in the corresponding sections of the individual manuscripts presented 
in the preceding section. Building upon these insights, this general discussion section aims to shift 
the focus towards a broader perspective, honing in on a comparative analysis between the 
investigated natural extracts and conventional fungicides. This intentional narrowing of the 
scope aligns with the initial hypothesis and overarching objective of the Thesis, allowing for an 
evaluation of the potential of natural products as alternatives to traditional synthetic fungicides.  

In this Thesis, three types of conventional fungicides were utilized as benchmarks for efficacy 
comparisons: azoxystrobin (a strobilurin), mancozeb (a dithiocarbamate, currently prohibited for 
use), and fosetyl-Al (an organophosphorus compound).  

Azoxystrobin, despite its broad-spectrum, rapid, and highly efficient germicidal activities, and 
cost-effectiveness, poses potential long-term adverse effects on the ecosystem. The rapid 
degradation of strobilurins during plant metabolism is advantageous; however, concerns have 
arisen regarding environmental contamination and non-target toxicity due to their prolonged 
use. Azoxystrobin has been frequently detected in foodstuffs, prompting serious public health 
concerns, as reported by the European Food Safety Authority (EFSA) [104]. Elevated 
environmental concentrations of azoxystrobin exceeding the regulatory acceptable concentration 
have been observed, posing a substantial risk to soil organisms, aquatic organisms, and mammals 
[105]. Furthermore, the susceptibility of strobilurins to resistance, attributed to their action on one 
specific site of fungal pathogens, has been documented, with multiple resistance genes reported 
in strobilurin-treated fungi [106]. 

In turn, dithiocarbamate pesticides, a significant class of organic fungicides globally used to 
control various diseases in crops (particularly certain ethylenebisdithiocarbamates, like 
mancozeb) have demonstrated properties typical of human carcinogens [107]. In response to this, 
the European Commission banned the use of mancozeb in January 2021 [108]. 

The third reference product, a phosphonic acid-based fungicide (or phosphonate), is widely 
employed as a crop protectant in horticulture. Phosphonates have played a crucial role in 
safeguarding sensitive forests and natural ecosystems threatened by pathogens. Since their 
introduction, they have showcased versatility in agriculture and beyond [109]. Although 
phosphonic acid and its salts and esters do not qualify as environmental contaminants, excessive 
doses applied to crops could yield toxic outcomes for plants [110]. On a positive note, in soil, 
phosphonates have been demonstrated to have no adverse impact on bacterial communities [111], 
and when applied as a foliar spray, they exhibit harmlessness against biological control agents [112]. 

Table 1, Table 2, and Table 3 present the results from selected articles in each thematic area 
(woody crops, cereal crops, and horticultural crops, respectively). It is worth noting that no 
comparisons are provided for the articles in the post-harvest protection theme, as current Spanish 
national legislation on the registration of phytosanitary products generally does not authorize 
fungicides for post-harvest protection. 

In the context of woody crops, the Q. suber extract-COS conjugate complex demonstrated notable 
superiority over azoxystrobin and fosetyl-Al commercial fungicides when combating Monilinia 
spp., N. parvum, and P. cactorum. However, it fell short of reaching the efficacy level of mancozeb. 
Conversely, the S. nigra extract exhibited comparable efficacy to mancozeb against V. dahliae and 
superior activity against D. amygdali and P. megasperma. Against P. cinnamomi, extracts from Q. ilex 
subsp. ballota and G. lucidum-COS conjugate complex displayed significantly higher efficacy 
compared to the two conventional fungicides tested (azoxystrobin and fosetyl-Al). The former 
extract also yielded minimum inhibitory concentration (MIC) values over three orders of 
magnitude lower than azoxystrobin against F. circinatum and C. parasitica, while the latter 
outperformed fosetyl-Al against Botryosphaeriaceae fungi (refer to Table 1). 
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In the domain of cereal crops, the T. gallica extract demonstrated greater effectiveness against 
Fusarium spp. than both fosetyl-Al and mancozeb (see Table 2). 

Concerning horticultural crops, the results obtained with the E. serrata-COS conjugate complex 
(refer to Table 3) surpassed those achieved with azoxystrobin and fosetyl-Al, albeit without 
reaching the efficacy level of mancozeb. 

In light of these findings, it can be asserted that the initial hypothesis appears to be largely 
validated. The anticipation of resistance development is not foreseen, given that the plant extracts 
consist of mixtures of various phytochemicals exhibiting diverse modes of antimicrobial action. 
However, a note of caution is warranted, and it is imperative to underscore that the confirmation 
of these observations necessitates long-term field tests of the natural products. 

Table 1. Comparison of MIC values for conventional fungicides and natural products against woody crop 
pathogens. 

Pathogen 
Commercial fungicide Natural product 

Azoxystrobin Mancozeb Fosetyl-Al Q. suber-COS S. nigra flower Q. ilex G. lucidum-COS 
M. fructigena >625,000 150 20,000 1000 

M. laxa >625,000 150 20,000 750 
N. parvum >625,000 150 20,000 750 
P. cactorum 62,500 150 2000 375 
D. amygdali 625,000 1500 20,000 1000 

P. megasperma >625,000 15,000 20,000 375 
V. dahliae 625,000 1500 2000 1500 

F. circinatum >625,000 375 
C. parasitica >625,000 375 

P. cinnamomi >625,000 2000 78.12 78.12 
B. dothidea 2000 500 
D. corticola 2000 500 
D. iberica 2000 375 

Table 2. Comparison of MIC values for conventional fungicides and natural products against cereal crop 
pathogens. 

Pathogen 
Commercial fungicide Natural product 

Mancozeb Fosetyl-Al T. gallica
F. acuminatum 1500 20,000 1000 
F. culmorum 15,000 2000 1000 

F. equiseti 15,000 >20,000 750 
F. graminearum 15,000 2000 375 

Table 3. Comparison of MIC values for conventional fungicides and natural products against horticultural 
crop pathogens. 

Pathogen 
Commercial fungicide Natural product 

Azoxystrobin Mancozeb Fosetyl-Al E. serrata-COS
B. cinerea >62,500 150 2000 750 

F. oxysporum >62,500 150 2000 500 
S. sclerotiorum >62,500 150 >2000 500 
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The primary conclusions derived from the research presented in this Thesis are as follows: 

1. Protection  of woody  crops:  extracts  from Q.  suber,  S.  nigra,  and G.  lucidum  have  proven
noteworthy in the safeguarding of woody crops. Their demonstrated efficacies either surpass
or are comparable to those of synthetic fungicides. Among them, the aqueous ammonia extract
from Quercus ilex subsp. ballota emerges as the preferred fungicide/oomyceticide, with MICs

below 400 ppm against various pathogens. Moreover, it afforded the highest protection in ex‐
situ assays against Phytophthora spp.  In  terms of antibacterial activity, all  tested extracts (L.
binervosum, H. syriacus, P. granatum var. nana, and Q. suber) exhibit  inhibition values below
1500 ppm, with the hydromethanolic extract from H. syriacus flowers proving most effective
against the most relevant studied pathogen, E. amylovora.

2. Cereal crop protection: the aqueous ammonia bark extract from T. gallica holds promise for
cereal crop protection, surpassing the fungicidal activity of synthetic fungicides, including the
currently prohibited mancozeb. Its efficacy extends to both preharvest and postharvest stages,
ensuring complete protection of wheat and maize grains against Fusarium spp. This extract
promotes storability and food safety without compromising seed germination rates.

3. Horticultural crops: assayed plant extracts  (T. baccata, G. biloba, and E. serrata) exhibit high
protection  against  bacterial  phytopathogens.  E.  serrata,  in  particular,  proves  versatile  by
confirming protection against fungal pathogens, establishing it as a multifaceted biorational
solution.

4. Postharvest protection: extracts tested for postharvest protection (U. tomentosa, A. sativum, A.
maritima, S. uniflora, and H. stoechas) demonstrate substantial efficacy in ex‐situ assays against
fungi, significantly prolonging  the shelf‐life of studied  fruits. Conjugate complexes of COS
with U. tomentosa and A. maritima, and H. stoechas extract emerge as attractive solutions for
controlling B. cinerea, S. sclerotiorum, and Colletotrichum spp., respectively, in light of current
restrictions on synthetic fungicides in postharvest storage.

5. Conjugate complexes with COS: the formation of conjugate complexes with COS leads to a
notable improvement in treatment efficacies, resulting in minimum inhibitory concentrations
below 1000 ppm across all tested extracts and pathogens. This enhancement is attributed not
only  to  synergistic  behavior,  given  COSʹs  antimicrobial  properties,  but  also  to  increased
solubility and bioavailability of active principles in the extracts. Additionally, COS  imparts

viscosity to the formulations, enhancing applicability via spray coating or dipping.

6. Broad  applicability  and  long‐term  efficacy:  the  utilization  of  plant  extracts,  whether  in
hydromethanolic  or  aqueous  ammonia media  (depending  on  the  plant  part),  alone  or  as
conjugated  complexes with COS,  proves  comparable  in  efficacy  to widely  used  synthetic
pesticides  for  controlling  both  pre  and  post‐harvest  species  in  crops  of  national  and
international  significance.  Beyond  the  advantages  of  non‐toxicity  and  environmental

friendliness,  these  treatments  are  anticipated  to  offer  longer‐term  efficacy.  Their  complex

nature  fosters synergies among phytocomponents, preventing  resistance development and
providing a broader spectrum of activity.
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Future lines of research 

The exploration of future research avenues stemming from the completion of this Doctoral Thesis 
encompasses the following considerations: 

− The efficacy of bioactive natural products can be impeded by challenges related to stability
and solubility. An innovative avenue for overcoming these limitations and maximizing the
effectiveness of such products involves micro/nanoencapsulation. The synthesis of
nanocarriers using natural polymers, such as chitosan or alginate, holds promise for efficiently 
delivering natural products and enabling their selective release through exposure to the
secretome of phytopathogens. This approach, aligned with the APLICADRON project (where
the PhD Candidate serves as the Principal Investigator) and the three patents presented in the
compendium, has the potential to yield significant savings in active ingredients.

− Despite the promising potential of nanocarriers, their application introduces challenges that
merit further exploration in future research. In the preharvest stage, optimization of
application methods for encapsulated natural products is crucial. This entails assessing their
suitability for diverse approaches such as endotherapy, root application, foliar application, or
drone-based delivery, depending on the specific crop under investigation. Ensuring the
innocuousness of these encapsulated products on the final product's quality is an additional
imperative.

− The application of nanotechnology-based solutions extends to postharvest protection, where
the exploration of active or innovative packaging becomes pivotal. Future research endeavors
should delve into the development of packaging solutions that align with the requirements
set forth by the European Food Safety Authority. This involves ensuring not only the efficacy
of these packaging methods in preserving the quality of agricultural products but also their
compliance with stringent safety standards.
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