PLANT-FUNGAL SYMBIOSES: CLIMATE CHANGE, APPLICATIONS FOR PLANT
PRODUCTION, AND FARMER EDUCATION
by
Nicole Colón Carrión
__________________________
Copyright © Nicole Colón Carrión 2022
A Dissertation Submitted to the Faculty of the
SCHOOL OF PLANT SCIENCES
In Partial Fulfillment of the Requirements
For the Degree of
DOCTOR OF PHILOSOPHY
WITH A MAJOR IN PLANT PATHOLOGY
In the Graduate College
THE UNIVERSITY OF ARIZONA

2022

THE UNIVERSITY OF ARIZONA
GRADUATE COLLEGE
As members of the Dissertation Committee, we certify that we have read the dissertation
prepared by: Nicole Colón Carrión
titled: PLANT-FUNGAL SYMBIOSES: CLIMATE CHANGE, APPLICATIONS FOR PLANT
PRODUCTION, AND FARMER EDUCATION

and recommend that it be accepted as fulfilling the dissertation requirement for the Degree of
Doctor of Philosophy.

_________________________________________________________________

Date: May 10, 2022

A. Elizabeth Arnold
_________________________________________________________________

Date: May 10, 2022

Barry M. Pryor
_________________________________________________________________

Date: May 10, 2022

Jiahuai (Alex) Hu
_________________________________________________________________

Date: May 10, 2022

March Orbach
_________________________________________________________________

Date: May 10, 2022

Frans Tax

Final approval and acceptance of this dissertation is contingent upon the candidate’s submission
of the final copies of the dissertation to the Graduate College.
I hereby certify that I have read this dissertation prepared under my direction and recommend
that it be accepted as fulfilling the dissertation requirement.

_________________________________________________________________
Date: ____________
A. Elizabeth Arnold
Dissertation Committee Chair
School of Plant Sciences, Department of Ecology and Evolutionary Biology

2

ACKNOWLEDGEMENTS

I give my deep sense of thanks and gratitude to my mentor, Betsy Arnold. Her patience, support,
and guidance played a large role in my development as a scientist. Thank you for your advocacy
during the hardest times of my Ph.D. journey. I am also grateful to my committee members,
Barry Pryor, Frans Tax, Jiahuai (Alex) Hu, and Marc Orbach. Your guidance provided me with
strong opportunities to grow as a professional and future educator.
I would like to thank my collaborator Chad Lozada Troche for introducing me to the
exciting world of mycology and for always providing me guidance and support. I would also like
to thank my collaborator Sofía Machiavelli Girón for supporting my vision of helping our
community in Puerto Rico.
I am grateful to all former and current members of Arnold lab for their support through
my Ph.D., especially Ming-Min Lee, Ashton Leo, Alison Harrington, Shuzo Oita, Elizabeth
Bowman, and Caroline Plecki. I thank the Arizona Biological and Biomedical Sciences Program
and the School of Plant Sciences faculty and staff for their assistance and support. I thank the
National Institutes of Health, the National Science Foundation, the Arizona Mushroom Society,
the Mycological Society of America, National Geographic (Early Career Grant), Great Minds in
STEM Organization, and Corteva for supporting my research and academic career.
I am especially grateful to my mother for all the sacrifices she made so that my sister and
I could fulfill our dreams, my dad for supporting me and helping throughout my life, my sister
for her unconditional love and support, and to the rest of my family for their love and motivation
(especially William Carrión Hernández and Felix Gabriel Colón). I am grateful to Alexandra
Colón Rodríguez for taking a chance on me and inspiring me to be a scientist; you are the best

3

role model I could ask for. I am thankful to my partner, Ricardo Pagan Pabón, for always
believing in me, encouraging me, and making me laugh. Finally, to my amazing friends Paola
Mendoza, Natalie Oropeza, Jessica Ortiz, and Alexandra Salas: your love, support, and humor
help me finish this degree.

4

DEDICATION (DEDICACIÓN)

Para mi abuelo, Félix Colón Arroyo, gracias por introducirme al maravilloso mundo de la
agricultura. Tu dedicación y arduo trabajo fueron mi mayor motivación para obtener este grado.

En memoria de abuelo William Carrión Díaz, gracias por enseñarme a luchar por mis sueños y
apoyarme en cada paso. Se que me veras graduarme desde el cielo. Este grado es para ti.

Los amo.

5

TABLE OF CONTENTS
LIST OF TABLES ...........................................................................................................................7
LIST OF FIGURES ..........................................................................................................................9
ABSTRACT...................................................................................................................................11
INTRODUCTION .........................................................................................................................13
PRESENT STUDY ........................................................................................................................32
REFERENCES ..............................................................................................................................35

APPENDIX A. RESPONSES OF ENDOPHYTIC FUNGI IN A PUERTO RICAN
RAINFOREST TO DAMAGE FROM HURRICANE MARIA ...................................................51
APPENDIX B. FUNGAL ENDOPHYTE FROM A WILD RELATIVE PROTECTS
CULTUVATED LETTUCE AGAINST HEAT STRESS AND THE PATHOGEN FUSARIUM
OXYSPORUM F. SP. LACTUCAE ..............................................................................................118
APPENDIX C. FROM THE CLASSROM TO THE FARM: A PLANT PATHOLOGY LESSON
PLAN FOR PUERTO RICAN FARMERS .................................................................................161

6

LIST OF TABLES
APPENDIX A.
TABLE 1. Site characteristics, damage, and soil chemistry .........................................................90
TABLE 2. Richness of leaf and root endophytes as a function of forest damage ........................91
SUPPLEMENTAL TABLE 1. Measurements of stem richness and density, canopy height,
diameter at breast height (DBH), canopy cover, and soil pH for plots .......................................101
SUPPLEMENTAL TABLE 2. Mock community information ..................................................102
SUPPLEMENTAL TABLE 3. Primer information for host plant identification .......................104
SUPPLEMENTAL TABLE 4. Species richness and PCsoil ......................................................105
SUPPLEMENTAL TABLE 5. Pairwise comparisons of endophyte communities ....................109

APPENDIX B.
TABLE 1. Fungal endophytes from roots of Lactuca serriola ...................................................152
TABLE 2. Endophyte’s growth inhibition of Fusarium oxysporum f. sp. lactuca ....................153
SUPPLEMENTAL TABLE 1. Disease severity of Lactuca sativa treated with SY1140A,
SY1144, and SY1157A ...............................................................................................................159
SUPPLEMENTAL TABLE 2. Phenotypic changes of Lactuca sativa ......................................160

APPENDIX C.
TABLE 1. Survey questions distributed to farmers ....................................................................207
TABLE 2. Primary occupation of individuals ............................................................................209
TABLE 3. Topic listed by farmers for educational workshops ..................................................210
SUPPLEMENTAL TABLE 1. Vegetable Crops ........................................................................217

7

SUPPLEMENTAL TABLE 2. Fruit Crops ................................................................................218
SUPPLEMENTAL TABLE 3. Studies conducted in Puerto Rico on diseases of sweet potato .......
......................................................................................................................................................219
SUPPLEMENTAL TABLE 4. Studies conducted in Puerto Rico on diseases of cassava .........220
SUPPLEMENTAL TABLE 5. Studies conducted in Puerto Rico on diseases of bell peppers .221
SUPPLEMENTAL TABLE 6. Studies conducted in Puerto Rico on diseases of plantains ......222

8

LIST OF FIGURES
APPENDIX A.
FIGURE 1. Map of sampling sites at the Carite State Forest .......................................................94
FIGURE 2. Species richness .........................................................................................................95
FIGURE 3. Faith’s phylogenetic diversity ...................................................................................96
FIGURE 4. Community composition of leaf endophytes .............................................................97
FIGURE 5. Community composition of root endophytes ............................................................98
FIGURE 6. Distinctiveness score .................................................................................................99
SUPPLEMENTAL FIGURE 1. Mock communities with tiered concentration .........................111
SUPPLEMENTAL FIGURE 2. Most prevalent taxa of among endophytes ..............................112
SUPPLEMENTAL FIGURE 3. Endophyte richness as a function of plant family ...................113
SUPPLEMENTAL FIGURE 4. Species richness as a function of PCsoil .................................114
SUPPLEMENTAL FIGURE 5. PCSoil as a function of forest damage ...................................115
SUPPLEMENTAL FIGURE 6. Indicator species .....................................................................116

APPENDIX B.
FIGURE 1. Average colonization of endophytes .......................................................................155
FIGURE 2. Thermal stress protection .......................................................................................156
FIGURE 3. Disease severity of Lactuca sativa treated with SY1142A .....................................157

9

APPENDIX C.
FIGURE 1. Schematic diagram for the study design ...................................................................212
FIGURE 2. Farmers’ demographics ...........................................................................................213
FIGURE 3. Crops produced by farmers and problems experienced in their fields ....................214
FIGURE 4. Losses due to pest and pathogens, and diagnostic procedures ................................215
SUPPLEMENTAL FIGURE 1. Local plant diagnostic laboratory ............................................223

10

ABSTRACT
Climate change is associated with increasing challenges for the wild and agricultural ecosystems
on which humans depend. In our most diverse forests and in agricultural lands, rising
temperatures, shifts in precipitation regimes, and growing pressure from pathogens and pests
represent major challenges that will impact the supply of food, fuel, fiber, and ecosystem
services worldwide. Although the effects of climate change on plant communities have been
studied previously, their particular effects on plant-microbe symbionts are less understood. Plant
symbioses with microbes, especially microscopic fungi, are vital for plant resilience,
productivity, and survival in all ecosystems. In my dissertation I examine how climate change
impacts aspects of plant-fungal associations, with a focus on two main environments: wild
tropical forests, which are storehouses of biodiversity; and agricultural systems, the immediate
sources of the plant products we need for human use. Specifically, my work focuses on
understanding (1) how hurricane disturbances affect the diversity and composition of fungal
symbionts associated with roots and leaves of tropical forest trees, with a focus on Puerto Rico;
(2) how fungal symbionts can protect cultivated plants against heat stress and disease under a
rapidly warming climate, with a focus on Lactuca sativa, an important crop in Arizona; and (3)
how gaps in knowledge about plant pathogens merit attention in areas where tropical and
agricultural environments meet, and climate change is felt in all sectors, as in the island of Puerto
Rico. In quantifying effects of hurricane damage on fungal symbionts of tropical trees, I used a
combination of fieldwork, next-generation sequencing, and statistical approaches to study fungal
endophytes (fungi that live within healthy plant tissues without causing disease). I found a
significant relationship between foliar endophyte richness and hurricane damage, with evidence
that severe damage to forests is associated with decreases in symbiont biodiversity. To
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understand how such symbionts can impact plant health I transitioned to an economically
important cultivated crop. I selected endophytic fungi isolated from Lactuca serriola (prickly
lettuce), a weed that grows in hot locations and shows no signs of disease. I then used a series of
in vitro and greenhouse experiments to evaluate whether these endophytes could colonize and
impact the health of cultivated lettuce (Lactuca sativa) in response to heat stress and disease
caused by a pathogen (Fusarium oxysporum f. sp. lactucae, FOL). Bioassay results showed
inhibition of FOL by all of the focal endophytes and indicated that they were non-pathogenic to
L. sativa. One endophyte enhanced stress-tolerance in L. sativa and significantly reduced disease
severity of FOL. This endophyte represents an important focus for future research, as it may
have important crop-improvement capacity for cultivated lettuce in our rapidly changing world.
Finally, based on my growing interest in Extension and growing threats to agriculture in Puerto
Rico due to increases in hurricane activity and pest pressure, I assessed the needs and knowledge
of Puerto Rican farmers regarding the control and management of pests and pathogens in the
field, with the goal of customizing educational workshops that fit the needs of farmers in the
island. With Institutional Review Board approval, my study employed a questionnaire to
improve understanding of the main problems faced on farms in Puerto Rico. I developed a plant
pathology lesson plan that introduces basic concepts in plant pathology and disease management.
This enhances Puerto Rican farmers’ knowledge and adaptive capacity, increases accessible
education to underrepresented farming communities, and provides extension educators and
interested institutions with open access to educational materials – all increasingly important in a
world marked by climate change.
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INTRODUCTION

Climate change is associated with increasing challenges for natural and agricultural ecosystems
worldwide. The main driver, increases in greenhouse gases, leads to rising temperatures at a
planetary scale, directly or indirectly affecting plant health and productivity. At local scales,
increases in greenhouse gases can decrease plant nutrient concentration, change plant physiology
and chemistry, and increase weed development (Dong et al., 2018; Duque et al., 2021;
Fangmeier et al., 2002; Glenny et al., 2018; Jabran et al., 2020a; Pérez-López et al., 2018;
Sardans et al., 2017; Saunier & Blonde, 2019). In turn, increasing temperatures can lead to more
frequent or severe weather events and shifts in plant metabolism and development, species
interactions, and the geographical distribution of pests and pathogens (Elad et al., 2014; Garrett
et al., 2006; Ghini et al., 2011; Grinstead et al., 2013; Hatfield & Prueger, 2015; Kelly &
Goulden, 2008; Samaniego et al., 2018). These effects are not mutually exclusive but instead are
interconnected to each other. Although the impacts of climate change on plant physiology,
demography, population biology, and communities have received much attention (Duque et al.,
2021; Hatfield & Prueger, 2015; Iler et al., 2021; Jabran et al., 2020a; Kelly & Goulden, 2008;
Ma et al., 2017; Saunier & Blonde, 2019), effects on microbial symbionts of plants has received
less attention.
A complex community of microbial symbionts colonizes plants. Anton de Bary (1879)
first used the term ‘symbiont’ to mean an intimate interaction between two or more organisms
belonging to different species (see Amagata, 2010). Symbionts range from detrimental to
beneficial in their relationships with plants (Turner et al., 2013). The outcome of their
interactions depends on the cost and benefits provided to the microbial colonizer and the
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associated plant species, which may shift under environmental stress (Davitt et al., 2011; Morgan
et al., 2005).
Fungi and bacteria are the most common microbial symbionts associated with plants.
These microbes include well-studied plant pathogens such as Xanthomonas sp. and Puccinia sp.
and mutualistic associations such as those formed by rhizobia, arbuscular mycorrhizal fungi, and
fungal endophytes (Dean et al., 2010; Mansfield et al., 2012; Rodriguez et al., 2009; Smith &
Reed, 2010; Wang et al., 2018). Fungal and bacterial symbionts of plants can contribute to plant
health and productivity in agricultural ecosystems via increases in nutrient acquisition, abiotic
stress tolerance, and disease resistance (Ali et al., 2018; Ingraffia et al., 2019; Joshi et al., 2020;
Macedo-Raygoza et al., 2019). Improvement in plant health and productivity can increase plant
biomass and yield and reduce crop loss, which in turn prevents economic losses in the
agricultural sector. Moreover, commercialization of these microbial symbionts or their chemical
products has important economic value in agriculture (Gallardo et al., 2016; Naranjo et al.,
2015).
Given their importance, the disruption of plant-microbe interactions in both agricultural
and wild ecosystems can lead to detrimental impacts at local and global scales, especially with
regard to plant resilience and productivity (Rudgers et al., 2020). Recent studies show that
extreme changes in climate can (1) alter the abundance and composition of microbes within a
community via species loss or shifts in dominance (Heo et al., 2020); (2) change the ecological
associations of microbes with their hosts, from mutualist to pathogen and vice versa (Hunjan &
Lore, 2020; Rúa et al., 2013); (3) shift the geographic or spatial distributions of microbes and
plants (Ash et al., 2017; Guerrero & Agnolin, 2016), leading to the spread of pathogens into new
areas; (4) alter the growth, physiology, and chemistry of plants, affecting plant-microbe or
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microbe-microbe chemical dialogs (Wang et al., 2017); (5) increase microbe-microbe
competition due to limiting resources and space (Wei et al., 2017); (6) suppress plant immune
response and pathogen virulence (Anderson et al., 2004; Gangappa et al., 2017; Hunjan & Lore,
2020; Mohammed et al., 2018), facilitating pathogen entry and establishment; and/or (7) alter the
abundance and composition of microbes within a community via increases in the frequency and
severity of weather events (Cantrell et al., 2014; Eaton et al., 2020; Stott, 2016).
In this dissertation I seek to understand how climate change affects plant-microbe
symbioses, with a focus on fungal endophytes; and conversely, how these symbionts can be
novel tools for mitigating plant stress and preventing natural and agricultural losses. I further
seek to enhancing the knowledge and adaptive capacity of farmers given the growing threats to
agriculture due to climate change. Specifically, I focus on understanding (1) how hurricane
disturbances affect the diversity and composition of fungal endophytes associated with roots and
leaves of tropical forest trees, (2) how fungal endophytes from wild relatives of crop plants can
protect cultivated plants against disease under a rapidly warming climate, and (3) how gaps in
knowledge about plant pathogens merit attention in areas where agricultural and tropical
environments meet, as in the island of Puerto Rico.
Through this work, I hope to shed light on the potential roles of fungal endophytes in
facilitating plant health in a warming climate and guide the development of strategies to restore
and support vital forests and agricultural ecosystems in the future. In the following pages, I will
introduce fungal endophytes as the major focus of this dissertation.
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Fungal endophytes

Fungal endophytes are microscopic fungi that form asymptomatic, symbiotic associations with
plants, where they occur in healthy tissues such as roots and leaves (Arnold, 2002). They are
ubiquitous and taxonomically diverse and have been identified in all major plant lineages (e.g.,
Arnold et al., 2000; Del Olmo-Ruiz et al., 2014; Higgins et al., 2007; Rodriguez et al., 2009;
U’Ren et al., 2010). These fungal symbionts affect plant health and productivity, in some cases
providing the host with drought- and stress tolerance and protection against pests and pathogens
(Arnold et al., 2003; Bouzouina et al., 2021; Moghaddam et al., 2021). Such benefits vary
according to endophyte and host taxonomy and local environmental conditions, and the impacts
of most endophytes on plants have not been studied (Donald et al., 2021; Rodriguez et al., 2009).
Here I will explore the functional roles and groups of fungal endophytes. Then I will expand on
the potential roles of these symbionts in applied contexts, such as forest biology and disease
prevention in natural and agricultural ecosystems, which are relevant to my first and second
chapters.

Functional groups and associated roles

Four functional classes of fungal endophytes have been described to date: the clavicipitaceous or
C-endophytes, class 1; and the nonclavicipitaceous endophytes or NC-endophytes, which
comprise classes 2-4 (Rodriguez et al., 2009). C-endophytes are fungal symbionts that typically
colonize the aboveground tissue (shoots) of grasses, forming intercellular infections that are
synchronized to host growth (Christensen et al., 2008; Kuldau & Bacon, 2008; Rodriguez et al.,
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2008). The majority are transmitted vertically (from mother to offspring), although horizontal
transmission (spore dispersal and colonization) has been observed in some species (Brem &
Leuchtmann, 1999; Christensen et al., 2008; Kuldau & Bacon, 2008; Oberhofer et al., 2014;
Rodriguez et al., 2009). One of the most important roles of C-endophytes is the production of
secondary metabolites associated with herbivore deterrence, enhanced drought stress tolerance,
and disease resistance (Rodriguez et al., 2009). It is hypothesized that C-endophytes evolved
from entomopathogens to plant biotrophs through the infection of scale insects and an
interkingdom jump that led to diversification (Rodriguez et al., 2009; Spatafora et al., 2007).
The mechanisms behind endophyte-mediated protection against abiotic and biotic
stresses are not fully understood. However, studies suggest that C-endophytes modify the host
metabolome and/or induce host defenses (Bastias et al., 2017; Fuchs & Krauss, 2019;
Shymanovich et al., 2019). For instance, inoculation of perennial ryegrass with the C-endophyte
Epichloë festucae var. lolii increases photosynthetic rate, stomatal conductance, and production
of antioxidant enzymes, and decreases malondialdehyde and proline, when compared to
endophyte-free plants during drought conditions and pathogen exposure (Li et al., 2020). Other
mechanisms identified in C-endophyte-mediated protection against drought stress involve
osmotic adjustment, maintenance of cell wall elasticity, and manipulation of water use
efficiency, nutrient accumulation, and the accumulation and translocation of assimilates
(Malinowski & Belesky, 2000; Wang et al., 2020). However, endophyte-mediated mechanisms
are diverse across host species and environmental conditions (Saikkonen et al., 2016), making it
difficult to generalize how C-endophytes modulate the physiological, biochemical, and/or
morphological responses experienced by the host.
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In turn, NC-endophytes colonize above- and belowground tissue of diverse plants beyond
grasses (Rodriguez et al., 2009). They are divided into three classes (classes 2, 3, and 4),
distinguished by their colonization, transmission, biodiversity, and conferred benefits to its host
(Rodriguez et al., 2009). For this dissertation, I use ‘endophytes’ to mean NC-endophytes,
including fungi that may represent Class 2 and Class 3. Class 4 endophytes, a group of root
symbionts known as dark-septate endophytes, are not considered further because they are not
common in the plants on which I focus.

Class 2 NC-endophytes
Class 2 NC-endophytes colonize above- and belowground tissue of plants through direct
penetration of plant tissues (Ernst et al., 2003; Rodriguez et al., 2008). Members of this class
typically belong to the Ascomycota or Basidiomycota, with the vast majority belonging to the
Pezizomycotina (Rodriguez et al., 2009). Like C-endophytes, Class 2 endophytes can be
transmitted horizontally or vertically via seed coats (Rodriguez et al., 2009). Colonization within
individual plants can be extensive, and the diversity of endophytic species in this class is limited
per plant (Rodriguez et al., 2009). This class of endophytes is distinguished from other NCendophytes by habitat-adapted benefits to hosts, ameliorating specific abiotic and biotic stresses
while receiving nutritional, reproductive, and stress avoidance benefits (Rodriguez et al., 2009).
In a classic study of Class 2 endophytes, Redman et al. (2002) isolated a new species of
Curvularia from above- and belowground tissue of Dichanthelium lanuginosum collected at
Lassen Volcanic National Park and Yellowstone National Park. They showed that endophyte
treatment of D. lanuginosum provided thermotolerance to its host while endophyte-free plants

18

perished. Notably, the benefit was driven in part by a virus within the fungus, highlighting the
complexity of these associations.
Similarly, Dingle and McGee (2003) isolated three fungal endophytes (Chaetomium sp.
A, Chaetomium sp. B, and Phoma sp.) from leaves of self-sown wheat and tested their role in
suppressing rust disease caused by Puccinia recondita f. sp. tritici. They demonstrated that all
endophytes reduced leaf disease in wheat when co-inoculated with the pathogen relative to noninoculated plants. Often such benefits address locally important pressures: for example,
inoculation of fungal isolates from coastal beach habitats in the San Juan Island Archipelago into
four plant species (tomato, rice, panic grass, and dunegrass) showed that benefits conferred to the
host were habitat-specific (Rodriguez et al., 2008; Rodriguez et al., 2009).
The above studies highlight the capability of Class 2 endophytes to provide protection for
their hosts against disease and tolerance against abiotic stresses such as heat, drought, and
salinity. The mechanisms behind this protection are unclear, although several hypotheses have
been posed regarding induction of host defenses, activation of hormone biosynthesis pathways,
or the occupation of the plant niche by endophytes (see Redman et al., 1999).

Class 3 NC-endophytes
Class 3 NC-endophytes are distinguished by localized colonization in aboveground tissues such
as leaves, fruits, flowers, and woody tissues (Bußkamp et al., 2020; Kumar & Hyde, 2004;
Rodriguez et al., 2009). Transmission of this endophytic class is horizontal, involving spore
germination on host tissue followed by entry through natural openings (e.g., stomata) or wounds,
and intercellular growth (Huang et al., 2018).
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Class 3 endophytes comprise the most diverse group of the NC-endophytes (Rodriguez et
al., 2009). Even within a single tissue, multiple species can be found, especially in tropical
forests (Arnold et al., 2000; Lodge et al., 1996). It is typical for healthy leaves in tropical forests
to harbor more than a dozen endophyte species at the same time (Lodge et al., 1996). Members
of this class belong most often to the Ascomycota or Basidiomycota, with the vast majority
belonging to the Ascomycota (particularly Pezizomycotina) (Rodriguez et al., 2009). They are
prevalent in environments ranging from the tropics to the Artic, with the highest prevalence and
species richness in the tropics (Arnold & Lutzoni, 2007).
Symbioses between plants and Class 3 endophytes can improve hosts resistance to biotic
and abiotic stress (Rodriguez et al., 2009). For example, Christian et al. (2019) showed that
inoculation of Theobroma cacao with foliar endophytes increased nutrient uptake and
distribution compared to endophyte-free plants. Hirakue and Sugiyama (2018) showed that foliar
endophytes protect apple cultivars against Alternaria mali, with protection reflecting the
abundance and composition of endophytic communities.
These observations might be attributed to changes in the host chemical profile induced by
the endophytic community (Christian et al., 2020; Rodriguez et al., 2009). For example, Barrera
et al. (2020) showed that fungal endophytes promoted UV-B tolerance in Colobanthus quitensis
via the induction genes involved in the UV-B protection, including flavonoid biosynthesis genes,
demonstrating their role in promoting host tolerance to abiotic stress.
The timeline by which Class 3 endophytes colonize leaf tissue varies among endophytehost combinations (Barta, 2018; D’Jonsiles et al., 2020; Huang et al., 2018). For instance, natural
exposure of Jatropha curcas to Class 3 endophytes revealed extensive colonization in 10-day-old
leaves when compared to 4-, 6-, or 8-day-old leaves (D’Jonsiles et al., 2020). However, other
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studies have shown colonization of fungal endophytes 14 to 28 days post-inoculation (Arnold et
al., 2003; Barta, 2018; Huang et al., 2018). Moreover, germination and extensive hyphal
colonization within the same host species, Populus trichocarpa, vary among fungal taxa (Huang
et al., 2018).
For the remainder of this dissertation, I will focus on Class 3 NC-endophytes that
associate with plant leaves and roots. As the endophytes I study are not known to be transmitted
vertically, and can be introduced into plants from pure cultures, I consider them Class 3
endophytes with the potential for specific benefits for hosts that may be habitat-adapted (as in
Class 2). Thus I expand the traditional definition of Class 3 endophytes somewhat, to include the
root compartment and the concept of locally important benefits that can be important for
ecosystem function (a theme developed in my study of the effects of hurricane damage on
endophyte communities), and which may be transferred to other plants (as in my study of
endophytes of prickly lettuce and their impacts on cultivated lettuce).
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Fungal endophytes in a changing world
Under a rapidly changing climate regime, severe weather events are becoming more frequent and
intense (Bindoff et al., 2013; Lugo, 2000; Rosenzweig et al., 2001; Stott et al., 2013; Stott,
2016). These weather events can result in major habitat and species loss in natural ecosystems
(Cantrell et al., 2014; Ochoa‐Hueso et al., 2018). For instance, the passage of Hurricane Maria
through the Caribbean led to major destruction of trees and high levels of deforestation (Eppinga
et al., 2018; Feng et al., 2018; Hall et al., 2020; Van Beusekom et al., 2018). In a warming
climate, storms of the magnitude of Hurricane Maria are expected to become more frequent.
Because of the large impact weather events can have on vegetation structure, composition, and
function of natural ecosystems, it is necessary to establish effective protocols for the
reforestation of damaged or disturbed lands as the climate shifts.
Restoration efforts depend not only on the establishment of tropical trees and the
maintenance of associated ecosystem services, but also on adjusting current practices to increase
ecosystem adaptability under a rapidly changing climate (Hagerman & Pelai, 2018; Locatelli et
al., 2015; St-Laurent et al., 2018). One approach is to integrate microbial perspectives, with a
focus on symbiotic associations of forest plants with fungal endophytes into these strategies
(Leo, 2019). Given their importance in forest health and ecosystem function, regrowing forests
with endophyte-treated plants could result in plants that can withstand future climatic conditions,
increasing biodiversity within these habitats.
The beneficial effect of endophyte inoculation of plant growth and productivity have
been reported in diverse plant species (Doty, 2011; Li et al., 2018; Ważny et al., 2018). For
instance, Ważny et al. (2018) demonstrated how co-inoculation of Lactuca serriola with
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endophytic fungi and arbuscular mycorrhizal fungi increased plant growth in polluted
environments. Li et al. (2018) showed how inoculation of dark septate endophytes improved the
growth of treated plants under drought conditions by enhancing root growth. In the same context,
inoculation of Prosopis chilensis with root-associated fungal endophytes had improved
physiological traits when compared to non-treated plants in desertification lands (GonzálezTeuber et al., 2019). The above studies highlight the importance of fungal endophytes in
restoration and the conservation of disturbed habitats. Nonetheless, important questions arise to
fully understand and maximize the role of fungal endophytes: how does disturbance affects
richness, diversity, and composition of endophyte assemblages? How do endophyte communities
affect plant establishment in the context of disturbance? These gaps in knowledge motivate the
first portion of this dissertation.

An approach towards biological control
Over the past decade, fungal endophytes emerged as major tools for biological control. A
biological control agent (BCA) is a biological agent used to reduce or mitigate pest impacts
(Huffaker, 2012). This definition has expanded to encompass a complex set of interactions
between pests or pathogens and their natural enemies.
Several mechanisms as to how endophytes might confer resistance against pathogens
have been proposed (de Medeiros et al., 2017; Gao et al., 2010; Oszust et al., 2020; Rajani et al.,
2021; Sasse et al., 2018). For example, endophytes may produce compounds that inhibit the
growth of the pathogen (i.e., antibiosis). Diverse secondary metabolites displaying antimicrobial
activities have been identified from fungal endophytes, including polyketides, terpenes, and
peptides (Hazarika et al., 2019; Keller et al., 2005; Keller, 2019). Polyketides and terpenes can
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alter hyphal growth, colony morphology, cell membrane integrity, and protein synthesis of
phytopathogens (Luo et al., 2019; Pan et al., 2020; Song et al., 2019; Wang et al., 2015),
affecting their normal function and pathogenicity. Similarly, peptides alter cell membrane
integrity and loss of intracellular components of phytopathogens (Senthilkumar et al., 2007).
Fungal endophytes also may inhibit the growth of phytopathogens through parasitism,
including direct invasion of the pathogen or its propagules (Gao et al., 2010; Latz et al., 2018).
The most common type of BCA-pathogen interaction observed in fungal endophytes is
mycoparasitism (i.e., the parasitism of a fungus by another fungus; Jeffries, 1995; Latz et al.,
2018). This relationship encompasses a complex continuum of biotrophic and necrotrophic
parasitism, and BCA-pathogen interactions, making it challenging to identify in nature (Latz et
al., 2018). Depending on the type of mycoparasite-host interaction, whether biotrophic or
necrotrophic, different structures and modes of invasion occur (Gams et al., 2004; Jeffries &
Young, 1994; Jeffries, 1995). For instance, biotrophs invade the host cytoplasm through
haustorial penetration or fusion (thus maintaining the cytoplasm mostly undamaged) (Cao et al.,
2009; Elamathi et al., 2018; Gams et al., 2004; Jeffries & Young, 1994; Jeffries, 1995; Kim et
al., 2021). In contrast, necrotrophs degrade the cytoplasm of the host (Elamathi et al., 2018;
Gams et al., 2004; Kim et al., 2021). Even within the same genus, different mechanisms of
mycoparasitism can be observed (Atanasova et al., 2013). Independent of the type of
mycoparasite-interaction, four general steps for mycoparasitism of phytopathogens by
endophytes have been proposed: (1) chemotrophic growth towards phytopathogen; (2)
recognition of phytopathogen; (3) direct attachment and cell wall degradation of phytopathogen;
and (4) penetration of the phytopathogen (Ram et al., 2018).
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Successful tissue colonization and establishment of beneficial microbial communities,
including fungal endophytes, also can prevent phytopathogen colonization by exhausting
nutritional resources and space availability (Kopac & Klassen, 2016). This range of space and
nutritional requirements is known as the ecological niche, and it describes the position and
interactions of a species with its abiotic and biotic environment in a particular ecosystem
(Polechová & Storch, 2008). Niche competition and disease repression by fungal endophytes
isolated from diverse host plants has been described (Carro-Huerga et al., 2020; Gao et al., 2010;
Oszust et al., 2020; Rojas et al., 2020). For instance, inoculation of grapevines with the
endophytic fungus, Trichoderma sp., minimized colonization of Phaeoacremonium minimum
through niche exclusion (Carro-Huerga et al., 2020). Similarly, inoculation of fungal endophytes
three days prior to Fusarium graminearum (pathogen) exposure reduced infection in wheat,
indicating a possible mechanism of niche competition (Rojas et al., 2020).
Lastly, fungal endophytes may act as BCA indirectly via induction of host defenses. Here
the fungal endophyte induces expression of genes associated with the plant host immune
defenses, leading to an indirect mechanism of protection against pathogens. This complex BCAhost-pathogen interaction involves a series of molecular dialogs and detailed coordination
between host-microbe and microbe-microbe that ultimately allows for the induction of host
defenses and overall protection (Asai et al., 2002; Badri et al., 2009; Jones & Dangl, 2006; Ranf
et al., 2011). In this context, some fungal endophytes confer protection against pathogens by
eliciting induced systemic resistance (ISR) (Pieterse et al., 2014). During endophyte-triggered
ISR, the host immune defenses are induced prior infection through the production of jasmonic
acid (JA) and ethylene (ET) allowing for resistance following phytopathogen challenge
(Choudhary et al., 2007; Stein et al., 2008). For instance, inoculation of Arabidopsis thaliana
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with endophytic fungus Penicillium sp. induced ISR against Pseudomonas syringae pv. tomato
through the accumulation of JA-inducible genes (Hossain et al., 2008).
Discovery of fungal endophytes as BCA represents a promising strategy for the control
and management of plant diseases under a rapidly warming climate. The diversity of
mechanisms employed by fungal endophytes, including antibiosis, direct parasitism, competitive
interactions via niche occupation, and induction of host defenses, allows for a wide range of
protection for plants in natural and agricultural ecosystems. Translation and implementation of
fungal endophytes as BCA requires in vitro and greenhouse-level validation, the focus of my
second chapter. It is generally thought that farmers are relatively more aware of pathogen
pressure than they are of beneficial microbes, but the status of knowledge regarding
phytopathogens has not been assessed in places where diverse fungal endophytes and agriculture
come together, such as in Puerto Rico. This motivates my third chapter, which connects to the
theme of climate change through the lens of education regarding plant-microbe associations.

Climate change adaptation through education
Climate change is impacting agricultural systems at a global scale. Alteration in plant-microbe
interactions due to extreme changes in climate can result in increased severity and frequency of
pests and pathogens in plants, which in turn can lead to serious disease outbreaks (Caubel et al.,
2017; Jabran et al., 2020b; Juroszek et al., 2020; Ponce, 2020; Newlands, 2018). This is
highlighted by the disease triangle concept, which explains disease development through the
three-part interaction of environment, pathogen, and host (Agrios, 2005). For disease to occur, a
genetically susceptible plant, a virulent pathogen, and environmental conditions that increase
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pathogen virulence and host susceptibility are needed (Agrios, 2005). This emphasizes the key
role of the environment in defining the outcome of these interactions.
In the absence of mitigation strategies, global CO2 levels and temperatures are projected
to rise to 550 ppm and 2ºC by 2050, respectively (IPCC, 2014; Smith & Myers, 2018),
increasing crop loss and food insecurity. In addition to affecting crop quality and availability,
profound economic impacts will be felt by agricultural business and the workers and
communities that rely on production for their livelihoods. Smallholder farms operated by
families using their labor (Berdegué & Fuentealba, 2011) are especially vulnerable. These farms
have limited access to financial support, training, or high-end technology when compared to big
and commercialized agricultural businesses (e.g., Donatti et al., 2019). Nonetheless, they are
responsible for the production of 70-80% of the world’s food supply (FAO, 2014; Wolfenson,
2013). Smallholder farmers across the tropics, including those in Puerto Rico, face weather
events (hurricanes and droughts) that affect plant development and resistance to phytopathogens
(Cilas et al., 2016; Donatti et al., 2019; Fain et al., 2018; Harvey et al., 2014). Hence, climate
change threatens to further exacerbate these effects, making smallholder farmers one of the most
vulnerable (Morton, 2007).
Multiple strategies have been proposed to mitigate the effects of climate change on
agricultural systems and reduce the vulnerability of smallholder farmers. Despite the
effectiveness and importance of these strategies, some smallholder farmers resist their
implementation (Asfaw et al., 2020; Harvey et al., 2014; Zamasiya et al., 2017). Barriers such as
financial constraints, lack of knowledge and training, and access to credible sources have been
associated with smallholder farmers’ responses (Alemayehu & Bewket, 2017; Asfaw et al.,
2020). Understanding smallholder farmers’ perceptions and educational needs, and increasing
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access to information and awareness of climate change through education and training, is the
most effective way to reduce these perceptions and enhance the adaptive capacity of farmers
(Daba, 2018; Roco et al., 2014).
In an effort to contribute to this goal I developed ‘From the classroom to the farm: a plant
pathology lesson plan for Puerto Rican farmers’, to educate smallholder farmers regarding the
control of pests and pathogens in their field under a rapidly warming climate. Through
collaboration with Dr. Sofía Macchiavelli Girón, an assistant agricultural Extension Agent at
Servicio de Extensión Agrícola in Puerto Rico, I designed the plan to reflect the educational
needs of Puerto Rican farmers, which I assessed via a survey. This lesson plan aims to provide
increased awareness of plant pathology and associated control strategies in the context of climate
change by providing open access to educational materials to extension educators and interested
institutions. Overall, our goals are to (1) enhance Puerto Rican farmers’ knowledge and adaptive
capacity; (2) increase accessible education for underrepresented farming communities; and (3)
provide Extension educators and interested institutions with open access to educational materials.
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Contributions of this dissertation
The ultimate goal of my dissertation is to shed the light on the effects of climate change on plantfungal associations, and their application as a framework for understanding and ultimately
improving plant survival in natural and agricultural ecosystems. My dissertation consists of two
research projects that contribute to the scientific advancement of the field of plant pathology and
mycology (Appendix A & B), and an Extension-oriented chapter (Appendix C).

Appendix A. Responses of endophytic fungi in a Puerto Rican rainforest to damage from
Hurricane Maria. Increases in the frequency and intensity of hurricanes threaten ecosystem
services of Caribbean forests both directly, and by compromising symbioses that are important
for forest trees. Fungal endophytes are important for plant health and responses to stress, but how
their communities are impacted by hurricane damage is not well known. In Appendix A, my
coauthors and I addressed how damage caused by Hurricane Maria impacted communities of
fungal symbionts in a tropical forest in Puerto Rico. We used next-generation sequencing and
traditional ecological approaches to measure richness, phylogenetic diversity, and composition of
endophyte assemblages in leaves and roots of woody plant species. This work identifies the
previously unknown diversity of fungal symbionts in the rich forests of Puerto Rico and shows
how extreme damage to forests can impact their community diversity.

Appendix B. A fungal endophyte from a wild relative protects cultivated lettuce against
heat stress and the pathogen Fusarium oxysporum f. sp. lactucae. Plants in agricultural
ecosystems host diverse communities of fungal endophytes that confer protection against abiotic
and biotic stresses. One strategy for promoting crop plant protection is to apply endophytes as
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biological control. Weed-associated fungal endophytes often improve plant health and resistance
most markedly when their host plants occur in stressful environments, especially when they
occur in areas that are dry, hot, or have high pathogen pressure. In Appendix B, I focus on how
fungal symbionts mediate climate-driven biotic stress in plants. Specifically, I examine whether
fungal symbionts isolated from a wild relative of lettuce, Lactuca serriola, can protect cultivated
lettuce against heat stress and disease caused by Fusarium oxysporum f. sp. lactucae (FOL).
Through in vitro and in vivo assays, I investigated the capacity of fungal endophytes to
antagonize FOL and promote disease resistance in cultivated lettuce. Our results provide proof of
concept that a fungal endophyte from a weedy plant can facilitate biological control against a
devastating soil-borne pathogen and provide protection against the types of abiotic stress that are
likely under a changing climate. Overall, this is the first study that focuses on exploring the use
of fungal endophytes from a wild relative of lettuce to control FOL and mitigate heat stress.

Appendix C. From the classroom to the farm: a plant pathology lesson plan for Puerto
Rican farmers. Smallholder farmers across the tropics, including those in Puerto Rico, face
weather events (hurricanes and droughts) that affect plant development and resistance to
phytopathogens. Climate changes threatens to exacerbate these effects and impact the production
and economy of smallholder farmers. To reduce the vulnerability of smallholder farmers,
understanding smallholder farmers’ perceptions and educational needs and increasing access to
information and awareness through education and training is needed. In Appendix C, I focus on
assessing the educational needs of Puerto Rican farmers regarding the control of pest and
pathogen in their field under a rapidly warming climate. Through a fifteen-question
questionnaire we evaluated the knowledge and needs of Puerto Rican farmers surrounding this
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topic and used the data to develop a plant pathology lesson plan that fit their needs. Overall, this
work shed the light on the educational needs of Puerto Rican farmers, enhances their knowledge
and adaptive capacity, and increases accessible education for underrepresented farming
communities by providing Extension educators and interested institutions with open access to
educational materials.
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PRESENT STUDY
The research presented in this dissertation is in the form of manuscripts prepared for publication,
and they are provided in full in three appendices. The following are summaries of the most
important findings from each study.

Appendix A. Responses of endophytic fungi in a Puerto Rican rainforest to damage from
Hurricane Maria. Hurricanes are the principal abiotic factors driving deforestation in the
Caribbean. As they increase in intensity and frequency, hurricanes threaten the function and
ecosystem services of island forests both directly, and by compromising symbioses. Fungal
endophytes are important for plant health and responses to stress, but how their communities are
impacted by hurricane damage is not well known. In Appendix A, I focus on answering how
hurricane disturbances affect the communities of fungal symbionts in a tropical rainforest in
Puerto Rico following Hurricane Maria. With colleagues, I evaluated soil chemistry and used
culture-free analyses to measure richness, phylogenetic diversity, and composition of endophyte
assemblages in leaves and roots of woody plant species. We found that endophyte richness did
not differ meaningfully among plant families or as a function of soil chemistry. Instead,
endophytes of leaves peaked in richness and decreased in phylogenetic diversity at intermediate
levels of forest damage. Endophytes from roots did not show such variation, but both leaf- and
root endophyte communities differed in species composition as a function of damage across the
landscape. Overall, our results suggest that endophytes are sensitive to damage due to major
hurricanes, and that such sensitivity can be detected well after a year post-disturbance,
particularly in foliar endophyte communities. This paper is formatted for Biotropica where it is
presently in review.
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Appendix B. A fungal endophyte from a wild relative protects cultivated lettuce against
heat stress and the pathogen Fusarium oxysporum f. sp. lactucae. As the climate warms,
outbreaks of plant disease are likely to be more severe, impacting the global food supply. One
important strategy for promoting crop plant protection is to use symbiotic associations between
crop plants and fungal endophytes to fight plant disease and improve plant health and
production. Fungal symbionts often can mitigate plant stress due to pathogens, but symbiont
communities are often reduced in agroecosystems. In appendix B, my colleagues and I explored
how fungi isolated from a wild relative of lettuce (Lactuca serriola) interact with cultivated
lettuce (Lactuca sativa), with attention to inoculation success, impacts on plant phenotypes under
heat stress, and potential control of a major pathogen (Fusarium oxysporum, FOL). This study
has three phases. In phase 1, we confirmed the capacity of endophytes from L. serriola to
colonize tissues of cultivated lettuce and validated that they do not cause symptoms of disease. In
phase 2, we tested whether these fungi inhibit growth of FOL via in vitro bioassays. In phase 3,
we evaluated how the endophytes mitigate plant responses to heat stress and FOL infection. We
show that focal endophytes from L. serriola readily colonize L. sativa. None of the endophytes
induced symptoms of disease in vitro or in subsequent greenhouse experiments. Bioassay results
showed inhibition of FOL by all of the focal endophytes. One endophyte, Biscogniauxia sp.
SY1142A, enhanced heat tolerance of L. sativa and reduced disease severity due to FOL. This
study sheds light on symbiont-mediated mechanisms of plant protection and develops a pipeline
for translating endophytes of wild relatives of important crops.
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Appendix C. From the classroom to the farm: a plant pathology lesson plan for Puerto
Rican farmers. Climate change is the biggest threat to agricultural productivity around the
world. In Puerto Rico, extreme weather events and pest and disease outbreaks represent one of
the biggest climate change threats to farmers. Although the effects of these events on crop
production have been studied previously, little is known about the educational knowledge and
needs of smallholder farmers in Puerto Rico. In appendix C, my colleagues and I evaluated the
educational needs of farmers in Puerto Rico regarding the control and management of pest and
pathogens in their farms. I gained Institutional Review Board permission (i.e., an IRB) to
conduct this study. Through a fifteen-question questionnaire we evaluated the knowledge and
needs of Puerto Rican farmers. Results show the control of pests and pathogens as the primary
problem faced by farmers, and the limited use of extension agents or diagnostic laboratories to
guide the diagnosis of disease or identification of pests. To address this gap, we developed a
plant pathology lesson plan, which introduces farmers to basic concepts in plant pathology and
disease management via diverse educational activities. We designed it around the educational
interest and needs of farmers, with the aim of improving collaboration with extension agents and
orienting farmers about resources available on the island. Overall, this lesson plan aims to
enhance farmers’ knowledge and adaptive capacity and increase accessible education to
underrepresented farming communities around the world.
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ABSTRACT
Increases in the frequency and intensity of hurricanes threaten ecosystem services of Caribbean
forests both directly, and by compromising symbioses that are important for forest trees. Fungal
endophytes are important for plant health and responses to stress, but how their communities are
impacted by hurricane damage is not well known. We characterized forest damage in Carite
State Forest in Puerto Rico ca. 16 months after the passage of Hurricane Maria, a Category 4
storm. In three sites, each comprised of subsites representing a local gradient of forest damage,
we evaluated soil chemistry and used culture-free analyses to measure richness, phylogenetic
diversity, and composition of endophyte assemblages in leaves and roots of five woody plant
species. We found that endophyte richness did not differ meaningfully among plant families or
as a function of soil chemistry. Instead, endophytes of leaves peaked in richness and decreased in
phylogenetic diversity at intermediate levels of forest damage. Endophytes from roots did not
show such variation, but both leaf- and root endophyte communities differed in species
composition as a function of damage across the landscape. Subsites with less damage hosted
locally distinct foliar endophytes, with more damaged subsites having more regionally
homogeneous endophyte communities. Our results suggest that widespread damage consistent
with the increasing impact of hurricanes under climate change could lead to rapid local
extirpation of foliar endophytes that may be important for the resilience of island ecosystems. In
turn, effects on root endophytes may occur over longer time periods, meriting further study.
Keywords: Ascomycota, biodiversity, climate change, intermediate disturbance hypothesis,
plant-fungal symbioses, tropical forest.
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1. INTRODUCTION

Hurricanes are the most extreme natural events that affect the Caribbean region (Alaka, 1976;
Boucher, 1990; Brokaw & Greer, 1991). As hurricanes increase in frequency and intensity with
climate change, they threaten ecosystem structure and function in Caribbean forests, including
the mainland and the islands in the Caribbean Sea (Brokaw & Walker, 1991; Tanner et al.,
1991). On September 20, 2017, Hurricane Maria struck Puerto Rico as a Category 4 hurricane
with winds up to 249.45 kph and heavy rainfall (Lopez-Marrero et al., 2019; Pasch et al., 2018;
Wachnicka et al., 2020). As the worst hurricane in Puerto Rico in nearly 90 years, Maria’s
winds, rainfall, and landslides damaged mature forests in many parts of the island, with an
estimated 23 to 31 million trees severely damaged or killed (Feng et al., 2018). Accordingly, prehurricane (2015 and 2016) and post-hurricane surveys revealed massive reductions in vegetation
cover after Hurricane Maria’s passage (Hosannah et al., 2020; Hu & Smith, 2018; Van
Beusekom et al., 2018).
Hurricane-driven tree mortality and shifts in forest structure can impact plant
communities directly (Brokaw & Grear, 1991; Lugo, 2008; Paudel & Battaglia, 2021; Xi, 2015),
with downstream effects on ecosystem services (Lugo, 2008; Xi, 2015). However, the effects of
hurricanes on forests also can be indirect if symbionts that are important for forest trees are
impacted negatively by such storms (see Cantrell et al., 2014; Miller & Lodge, 1997; Shiels et
al., 2014). In addition to mycorrhizal fungi, forest trees in Puerto Rico host diverse communities
of fungal endophytes in healthy leaves, roots, and stems (e.g., Bayman et al., 1997; Bayman et
al., 1998; Gamboa & Bayman, 2001; Lodge et al., 1996; Maillard et al., 2020). Fungal
endophytes are important for plant health and responses to stress (Arnold et al., 2003; Bamisile
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et al., 2018; Christian et al., 2019; Griffin & Carson, 2018; Rodriguez et al., 2009; Yamaji et al.,
2016), such that understanding their responses to catastrophic hurricanes is important for
understanding the dynamics of forest regeneration.
Although the effects of hurricanes on soilborne microbial communities have been studied
previously (e.g., Cantrell et al., 2014; Eaton et al., 2020), effects on endophytes in hurricanedamaged forests are less well known. Soilborne microbial and fungal communities in tropical
forests often shift in community structure in response to damage from hurricanes, moving from
more diverse communities to dominance by a smaller number of species (Cantrell et al., 2014;
Eaton et al., 2020; Lodge, 1997). Hurricanes can change local environments by increasing light
that hits the forest floor after damage to canopy trees, increasing litterfall and thus the prevalence
of certain nutrients, and increasing temperature due to opened canopies (Shiels et al., 2010).
Resulting changes in plant physiology (Wen et al., 2008) may influence fungal community
structure by selecting for endophytes that are better adapted to withstand stress; endophytes that
are more pathogenic or more likely to be saprotrophic, capitalizing on plant damage; or
specialized functional groups that facilitate recovery of host plants, ultimately benefiting the
endophytes themselves (see Kandalepas, 2012; Maillard et al., 2020). It also is plausible that
endophytes, which typically have life stages outside of living leaves in tropical forests (Herre et
al., 2007), would be affected by environmental shifts directly even if they are not stressful per se
(see Oita et al., 2021). As endophyte communities often vary in composition at local spatial
scales in tropical forests (e.g., Higgins et al., 2014), the patchy disturbance regimes often
imposed by hurricanes may lead to small-scale variation in communities at landscape scales
(Gannon & Martin, 2014). In turn, because hurricane disturbances vary in intensity even within
the same region (e.g., Lugo, 2000), it is possible to quantify effects of hurricane damage on
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endophytes without confounding effects of geographic distance or major shifts in edaphic or
climate conditions.
The goal of this study was to understand how forest damage due to hurricanes may
impact endophyte communities in forest plants. We characterized damage in Carite State Forest
of southeastern Puerto Rico ca. 16 months after the passage of Hurricane Maria. In three sites,
each comprised of three subsites representing a local gradient of forest damage, we evaluated
soil chemistry and collected leaves and roots of five representative woody plant species, which
we used in culture-free analyses to measure the richness, phylogenetic diversity, and composition
of endophyte assemblages. Under the framework of the intermediate disturbance hypothesis
(IDH), which suggests that species richness is maximized when ecological disturbances are
moderate, we predicted that species richness of fungal endophytes would be greatest where
hurricane disturbances were intermediate (prediction 1). We expected that endophytes present in
low- and high-disturbance sites might represent a broad phylogenetic diversity, with the former
representing diverse, relatively mature communities and the latter, remnant communities or reestablishment consistent with perturbation. Thus we predicted that phylogenetic diversity would
decrease in intermediately disturbed areas relative to less- or more severely disturbed areas
(prediction 2). Based on previous research showing that endophyte communities can vary
spatially over small distances in neotropical forests (e.g., Higgins et al. 2014), we anticipated that
endophyte communities would differ spatially but also as a function of forest damage (prediction
3). Finally, we predicted areas with high damage would have relatively similar endophyte
communities to one another, whereas areas with less damage would have locally distinctive
endophyte communities (prediction 4).
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2. METHODS

2.1 Site characterization
This study was conducted at Carite State Forest near Cayey, Guayama, and Patillas in
southeastern Puerto Rico (18° 3' 56.8" N, 66° 6' 46.3" W). The forest ranges from 250 to 903
meters above sea level (m a.s.l.) with an approximate area of 2,428 ha. The area receives a mean
annual rainfall of 2,159 mm and has a mean annual temperature of 22°C (DRNA, 2008). Three
life zones occur in the forest area: humid subtropical forest (0.9%), very humid subtropical forest
(98.6%), and very humid montane low forest (0.5%) (DRNA, 2008).
We selected three sites in very humid and humid subtropical forest ranging from 560 to
655 m a.s.l.: two areas at Charco Azul Recreational Area, and one at Guavate Recreational Area
(Figure 1A). The sites were similar in terms of forest structure and land use history prior to
Hurricane Maria (H. Serrano, pers. comm.).
In each site we randomly chose three subsites defined along local gradients of damage
due to Hurricane Maria. To characterize damage, we followed Basnet et al. (1992) with minor
modifications. Briefly, in December 2018 (ca. 16 months after the passage of the hurricane) we
established a 4 x 5 m plot centered on a focal canopy tree in each subsite. We established four 20
m line transects around each focal tree. Trees along the line transects were classified in the
following mutually exclusive categories: defoliated standing trees, uprooted trees, trees with
broken branches, and trees with broken trunks. Damage was defined as the sum of all the
categories and log-transformed prior to analysis (Table 1). Defoliation, broken branches, and
uprooted trees were common (Figure 1B).
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In each plot we selected five representative plant species based on local abundance. From
each plant we collected ten leaves and three root cores (6.3 cm diameter, collected beneath the
edge of the canopy of each individual). At each plot we measured stem richness and density,
canopy height, diameter at breast height (DBH) of the focal tree, and canopy cover as in Oita et
al. (2021) (Table S1). Three soil cores (6.3 cm diameter) were collected at each subsite after leaf
litter was cleared. Soil cores from each subsite were pooled into one sample and sent to the
Puerto Rico Tropical Agriculture Research Station (TARS) for quantification of nitrate,
phosphorus, and potassium.

2.2 Tissue preparation
Soil samples were sieved to extract roots following Mukerji et al. (2002). Healthy leaves and
roots collected from each individual plant were cut into 1 cm-segments, rinsed in running tap
water for 60 s, and surface-sterilized by agitation in 95% ethanol (30 sec), 10% Clorox bleach
(0.5% NaOCl-; 2 min), and 70% ethanol (2 min) following Arnold and Lutzoni (2007). From
each individual, we haphazardly selected three leaf segments and stored them in an Eppendorf
tube containing cetyl trimethylammonium bromide (CTAB) buffer. This was replicated three
times per individual plant. The roots were processed in the same matter (three 1 cm-segments
into a tube, replicated three times). Leaf and root issues were stored in CTAB at -20ºC prior to
DNA extraction.

2.3 DNA extraction, amplification, and sequencing for endophytes
We extracted total genomic DNA from leaves and roots with the Qiagen DNeasy Plant Mini Kit
(Qiagen, USA) following U'Ren and Arnold (2017a). DNA extracts belonging to the same
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individual plant were pooled following U'Ren and Arnold (2017a). We then used a dualbarcoded, two-step polymerase chain reaction (PCR) approach to amplify the fungal ribosomal
internal transcribed spacer (ITS) region (i.e., ITS1, 5.8S, and ITS2; U’Ren & Arnold, 2017a).
The first PCR (PCR1) amplified the ITS region with ITS1F and ITS4 primers containing
universal sequences CS1 and CS2 (Integrated DA Technologies Inc., USA). Reactions were
carried out in triplicate per plant with a total volume of 20 µl containing 10 µl of Phusion Flash
Master Mix (Thermo Scientific, USA), 0.2 µl of 0.5 µM of each ITS primer, 1.0 µl of 1 mg/mL
of BSA (New England Biolabs, USA), 3.6 µl of molecular biology grade water (Fisher
Scientific, USA), and 5 µl of DNA template. A MJ Research PTC-200 Gradient Thermal
Cycler® (Marshall Scientific, USA) was used for 28 cycles with the following parameters: 10 s
at 98°C, 1 s denaturation at 98°C, 5 s annealing at 57°C, 20 s extension at 72°C, and a final
extension of 1 min at 72°C. PCR products were stained with SYBR green and verified on a 2%
agarose gel in TAE under UV light. Samples amplified in triplicate were pooled and diluted with
molecular biology grade water (Fisher Scientific, USA). Dilutions were carried out based on the
band intensity of the amplified product (see U’Ren & Arnold, 2017a). Negative controls and
extraction blanks were treated as above and included in the second PCR (PCR2).
PCR2 was used to add adapters and unique barcodes to amplicons from PCR1 (see
Sarmiento et al., 2017; U’Ren et al., 2019; Oita et al., 2021). Amplifications were carried out as
above with a total volume of 20 µl containing 10 µl of Phusion Flash Master Mix, 0.75 µl of
0.075 µM of each primer, 0.24 µl of 0.24 mg/mL of BSA, 8.01 µl of molecular biology grade
water, and 1 µl of DNA template. Seven cycles used the following parameters: 10 s at 98°C,1 s
denaturation at 98°C, 5 s annealing at 55°C, 20 s extension at 72°C, and a final extension of 1
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min at 72°C. PCR amplifications were stained with SYBR green and verified with a 2% agarose
gel under UV light.
PCR2 products were sent to the University of Arizona Genetics Core (UAGC) for DNA
quantification with a Bioanalyzer 2100 (Agilent Technologies). Products were pooled into a 2
mL microcentrifuge tube to a final concentration of 20 ng of DNA (U’Ren and Arnold, 2017b)
and shipped on dry ice for amplicon sequencing (Illumina MiSeq) at the University of Idaho
IBEST Genomics Resources Core.
To identify primer bias, determine quality control parameters, and assess the correlation
of operon number and read count, two mock communities were included in our sequencing (see
Daru et al., 2018; Bowman and Arnold, 2021; Oita et al., 2021). The first community consisted
of DNA from 31 phylogenetically diverse fungal taxa, represented in equal concentrations
(‘even’ mock community) (Table S2). The second mock community consisted of tiered DNA
concentrations of the same members (Table S2). Mock communities were treated as above and
included with the samples for sequencing.

2.4 Plant identification
Plants were identified as possible based on morphological traits via consultation of Little et al.
(1974), Axelrod (2011), the database of the Institute for Regional Conservation
(https://www.regionalconservation.org/index.html, with reference to Carite State Forest), and
digitized specimens available from the Missouri Botanic Garden (MO; www.tropicos.org) and
the University of Puerto Rico-Rio Piedras (http://herbario.uprrp.edu). Genomic DNA obtained
from leaves was used to identify host plants in cases in which morphological determination was
not straightforward. Briefly, a reaction with total volume of 20 µl (10 µl of REDExtract-N-Amp
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PCR Reaction Mix (Sigma-Aldrich, USA), 0.8 µl of each 10 µM primer (ITS5/ITS4), 7.4 µl of
molecular biology grade water (Fisher Scientific, USA), and 1 µl of DNA template) was
prepared (Table S3). Amplifications were run in an MJ Research PTC-200 Gradient Thermal
Cycler® using 36 cycles with the following parameters: 3 min at 94°C, 30 s denaturation at
94°C, 30 s annealing at 54°C, 1 min extension at 72°C, and a final extension of 10 min at 72°C
(Hoffman et al., 2008). PCR amplifications were stained with SYBR green and verified with a
1% agarose gel under UV light. Once confirmed, amplicons were treated with 1 μL ExoSAP-IT
(Affymetrix, USA) and incubated in an MJ Research PTC-200 Gradient Thermal Cycler® for 75
min (60 min at 37°C and 15 min at 80°C) (Bell, 2008).
Samples were sent to the University of Arizona Genetics Core (UAGC) for bidirectional
sequencing with 5 µM of the original PCR primers via 373xl DNA Sequencer (Applied
Biosystems, USA). Contigs obtained were assembled and edited with phred and phrap in
Mesquite v.2.75 and Sequencher v.4.5, respectively (Altschul et al., 1990; Ewing et al., 1998;
Maddison and Maddison 2017). Edited sequence data were compared via BLASTn to plant
records in GenBank to identify the sampled plants (Altschul et al., 1990) (Table S4). Samples
that failed to be identified were amplified with alternate primer pairs (Table S3) in a total volume
of 20 µl (10 µl of DreamTaq Hot Start Green Master Mix (Fisher Scientific, USA), 0.8 µl of
each 10 µM primer (ITS-P3/ITS-U4 or ITS-P3/ITS-U4/ITS-P5), 6.4 µl of molecular biology
grade water (Fisher Scientific, USA), and 2 µl of DNA template). Samples were amplified,
sequenced, and identified as stated above. DNA vouchers are retained at the University of
Arizona. Sequence data have been submitted to GenBank under accessions XXXXXX-XXXXX.
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2.5 Illumina sequence editing and quality control
Illumina reads were demultiplexed at the IBEST Genomics Core. Fast QC, Multi-QC, and
fastq_eestats2 command in USEARCH were used in parallel to assess the read quality and
determine maxEE and cutoffs for forward and reverse reads (Murray et al., 2015; Daru et al.,
2018; Bowman and Arnold, 2021). Based on evaluations of the mock communities, we selected
forward reads for further evaluation due to higher quality than reverse reads (Sarmiento et al.,
2017; Oita et al., 2021), instituting a length cutoff of 240 bp and maxEE of 1.00. Following these
parameters, reads were trimmed and filtered with the -fastq_filter command in USEARCH
(Bowman et al., 2021). We used UOISE3 and USEARCH to cluster sequences into Operational
Taxonomic Units (OTUs) at 95% sequence similarity (UOISE: -uoise3 command; USEARCH: cluster_smallmem) (Daru et al., 2018; Bowman et al., 2021). Reads from negative controls were
treated as above and filtered from the remaining OTUs.
For the tiered mock community, 390,333 reads were obtained following filtering of
negative controls. For the even mock community, 494,112 reads were obtained. Following the
initial quality control steps, 77 OTUs were detected in the mock community data set when OTUs
were based on 95% sequence similarity, yet only 31 were expected given the inputs into the
mock community (Table S2). To remove spurious OTUs, we removed OTUs contributing <
0.15% of the total read number of the tier sample (see Oita et al., 2021). After removal of
spurious OTUs, a total of 25 OTUs and 355,185 reads remained in the tiered mock community.
Analyses of the tiered mock community revealed that read number and operon number were
positively correlated (Figure S1). We then implemented the same rules for the endophyte data set
(cutoff of 240 bp; maxEE 1.00, retaining OTUs based on 95% sequence similarity so long as

62

they represented ≥ 0.15% of total read abundance). Ultimately OTUs with <13 occurrences (total
reads) were removed from the data set. Leaf and root samples with <100 reads also were
removed. The ultimate data sets consisted of 612,335 reads from leaves and 983,644 reads from
roots.

2.6 Phylogenetic diversity
Phylogenetic placement of endophytes was inferred using Tree-Based Alignment Selector
Toolkit (T-BAS) v.2.1 (Carbone et al., 2017; Carbone et al., 2019), which permits placement of
short barcode sequences in a robust multilocus framework. ITS nrDNA- partial LSU nrDNA
sequences were mapped to Pezizomycotina v2.1 reference tree using the evolutionary placement
algorithm (EPA) implemented in RAxML service at CIPRES (Carbone et al., 2017; Carbone et
al., 2019; U’Ren et al. 2019). For these analyses, OTU were assembled for each subsite in
parallel, rather than for the data set as a whole. Here, OTU were included if they occurred at least
13 times per subsite, and with at least 100 reads per subsite, in order to avoid skewing of
phylogenetic diversity by rare OTU within each subsite. This conservative approach excluded
some subsites from analyses (2.1, 2.2, 2.3 for foliar endophytes; subsites 2.1-2.3, 3.1, and 3.3 for
root endophytes), but retained sufficient numbers of subsites across the range of damage scores
to estimate the relationships of phylogenetic diversity of endophytes to forest damage.
Phylogenetic diversity for the filtered data set was measured by UniFrac as Faith’s phylogenetic
diversity (Faith, 1992; Lozupone & Knight, 2005; Lozupone et al., 2006) implemented in the TBAS framework with one representative sequence per OTU.

2.7 Statistical analyses

63

The purpose of our sampling structure was to capture standing variation in endophyte
communities as a function of hurricane damage across the landscape. The heterogeneity of these
forests required collection of different plant species in each subsite. In turn, multiple subsites per
site, and multiple sites, were required to assess a range of damage levels across the Carite region.
This approach has the capacity to confound damage score and plant identity as an explanatory
factor in defining variation in endophyte communities. Therefore, we considered our sampling
carefully prior to designing our statistical approaches. After the data processing and
identification processes described below, our data set included collections from 29 plant species
representing 17 families. The majority of plant species were collected once (65.5% of species),
and 86.2% were found in only one of the three primary sites. In contrast, the most common
families (Calophyllaceae, Fabaceae, Euphorbiaceae, and Melastomataceae) each occurred in at
least two sites (average = 2.25 sites, of three) and in a mean of four plots overall (range: 3-5
plots, of nine). When the damage scores for each plot were considered, the mean damage scores
for plots where these four families were found did not differ significantly (F = 0.1115, df = 3, 18,
P = 0.9523), revealing that there was no robust relationship between the occurrence of the most
common families and the spatial distribution of hurricane damage. The next most common
families (Bignoniaceae, Lythraceae, Myrtaceae, and Urticaceae) occurred in 1.5 sites on average,
and in a mean of 1.75 plots (range: 1-2). When these were considered with the four most
common families, the damage scores for the plots where the eight most common families were
found did not differ significantly (F = 0.2823, df = 7, 22, P = 0.9541). We therefore concluded
that there was not a systemic bias in our data due to the presence of different plant taxa on
different plots. This interpretation was upheld when we considered variation in endophyte
richness among plant families: after variation among plots was taken into account, there was no
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significant variation in endophyte richness among plant families for leaves or roots (P = 0.1382,
P = 0.9215, respectively).
However, we chose to be conservative in our analyses by considering variation in plant
taxonomy, as roughly half of the families represented in our collections were collected rarely.
Even though recent studies suggest that variation in endophyte communities may be more
profound spatially vs. among families in well-sampled neotropical forests (see Oita et al., 2021),
we accounted for variation due to plant family identity by treating plant family as a random
factor in the analyses described below. To further determine whether the presence of different
species in each plot could confound our inferences regarding damage, we repeated analyses as
appropriate with plant species as a random factor. Finally, to account for underlying edaphic
variation that could confound our inferences, we took into account soil chemistry, which we
summarized as the first principal component (PCsoil) for analyses of potassium, nitrate, and
phosphorus. PCsoil described ~78% of the variation in these measures of soil chemistry (Table
S4).
With these provisions, we used multiple regression to consider how species richness of
leaf and root endophytes differed as a function of forest damage, including plant family as a
random factor, PCsoil as a main effect to capture variation in soil chemistry, and forest damage
(log-transformed) as a quadratic term to permit a curvilinear fit per the intermediate disturbance
hypothesis. We used the same approach for analyses of phylogenetic diversity values. Repeated
analyses using plant species rather than family as a random factor yielded the same conclusions.
We anticipated that proximate sites might contain similar endophyte communities (see
Higgins et al., 2014). Therefore, to evaluate the role of damage in defining endophyte
communities, we explicitly included geographic structure. We visualized endophyte
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communities by non-metric multidimensional scaling (NMDS) with similarity described by the
Jaccard index (presence/absence) and Morisita index (abundance). Data were analyzed by
analysis of similarity (ANOSIM) and p-values from pairwise comparisons were adjusted via
Bonferroni correction prior to our inferences. P-values obtained from Jaccard index were used to
determine differences in the community structure of fungal endophytes among sub-sites as a
function of damage. This was defined as distinctiveness score. We identified indicator OTUs via
Indicator species analysis metric in R multipatt - indicspecies package (De Cáceres et al., 2010;
De Cáceres, 2013).

3. RESULTS

Endophytes associated with leaves and roots were diverse in representative plants of Carite State
Forest. Following extensive quality control, we detected a total of 1094 OTUs in leaf samples,
with an average of 121.6 OTUs per individual plant (95% CI = 94.7-148.4), and a total of 1128
OTUs in root samples, with an average of 120 OTUs per plant (95% CI = 103.6-136.5). The
most prevalent taxa were Dothideomycetes, Sordariomycetes, and Eurotiomycetes in both roots
and leaves (Figure S2).

3.1 Endophyte richness in leaves, but not roots, peaks at intermediate damage
When analyzed independent of damage, the richness of endophytes in leaves and roots did not
vary solely with plant family or soil chemistry (Figure S3 and S4). We found no meaningful
variation in soil chemistry as a function of forest damage (Figure S5).
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When soil chemistry was taken into account and plant family was treated as a random
factor, we found that endophyte richness in leaves varied as a function of forest damage (R2 =
0.20, P = 0.0152), with a peak at intermediate damage (Table 2, Figure 2A). Endophyte richness
in roots did not vary meaningfully as a function of forest damage (R2 = 0.03, P = 0.6163) (Table
2, Figure 2B). Thus data for foliar endophytes confirmed our first prediction, but endophytes
belowground did not.

3.2 Phylogenetic diversity in leaves, but not in roots, decreases at intermediate damage
Consistent with our second prediction, phylogenetic diversity of endophytes in leaves varied as a
function of forest damage, with a decrease at intermediate damage (F = 4.428; df = 2, 790; P =
0.0122) (Figure 3A). However, a similar pattern was not detected for endophytes from roots (F =
1.7120; df = 2, 864; P = 0.1811) (Figure 3B). Phylogenetic diversity of endophytes in leaves (F =
1.3070; df = 5, 787; P = 0.2588) and roots (F = 0.5438; df = 3, 863; P = 0.6524) did not vary
spatially (i.e., among subsites) when variation due to forest damage was already accounted for
(data not shown).

3.3 Endophyte communities vary spatially and as a function of forest damage
Overall, endophyte communities exhibited similar representation by major classes of
Pezizomycotina among sites and forest damage measurements (Figure S2). However, as
predicted (prediction 3), species composition of endophytes in roots and leaves differed both
among sites and as a function of damage (Figure 4: leaves, A: Jaccard index: ANOSIM: R =
0.39, P = 0.0001; B: Morisita index: ANOSIM: R = 0.11, P = 0.0008; Figure 5: roots, A:
Jaccard: ANOSIM: R = 0.36, P = 0.0001; B: Morisita: ANOSIM: R = 0.21, P = 0.0003).
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3.4 Endophyte communities in leaves, but not roots, become less distinctive with higher
damage
As predicted (prediction 4), subsites with less forest damage typically hosted foliar endophyte
communities that were distinctive relative to those in other areas, while subsites with more
severe damage had foliar endophyte communities that were homogeneous with regard to those in
other sites (R2 = 0.10; P < 0.0001) (Table S5, Figure 6A). However, a similar pattern was not
detected for endophytes from roots (R2 = 0.58, P = 0.1152) (Table S5, Figure 6B). The most
common species of endophytes found in leaves and roots as a function of damage are in Figure
S6.

4. DISCUSSION

Hurricanes have profound effects on forest composition and ecosystem function in the Caribbean
region (Tanner et al., 1991). However, the impacts of these disturbances on plant-microbe
symbioses and related processes are not well understood. We found that 16 months after the
passage of Hurricane Maria, endophytes in representative woody plants in Puerto Rico showed
signatures of forest damage, with detectable impacts on endophyte communities both above and
belowground: both leaf- and root endophytes demonstrated differences in their community
structure as a function of forest damage, in concert with underlying spatial variation. Although
root-associated endophytes did not differ in species richness or phylogenetic diversity as a
function of damage, those in leaves did. Leaf-associated endophytes peaked in richness at
intermediate disturbance, but under such conditions were less phylogenetically diverse than those
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in areas with either little or severe forest damage. Coupled with measures of the distinctiveness
of endophyte communities and indicator species analyses, our results show that endophyte
communities in leaves may be regionally distinct and comprise high phylogenetic diversity in
areas with very little forest damage, perhaps consistent with evolutionarily rich, mature
endophyte communities more like those of intact forest areas; and high phylogenetic diversity
but less regional distinctiveness in areas with severe damage, reflecting perturbation and/or reestablishment in an early phase following the hurricane’s direct effects. In sites with intermediate
damage, foliar endophyte communities are species rich but not especially phylogenetically
diverse, suggesting that many closely related species may be assorting ecologically in the
intermediate damage conditions.
Our results suggest that changes in endophyte richness and phylogenetic diversity may be
especially profound in above-ground tissues within the post-hurricane timeframe we considered,
and that surveying only richness may fail to detect some pervasive impacts of hurricane damage
on endophyte communities. To understand impacts of hurricanes on forest processes mediated by
endophytes, the appropriate sampling periods may differ for tissues above and belowground. It is
plausible that leaves, which generally regenerated once or twice after the passage of the
hurricane, would respond to disturbance more immediately, and that roots would experience
disturbance over longer time scales than that studied here. Even so, the differences we observed
in community structure of both leaf and root endophytes are consistent with meaningful impacts
by this hurricane on symbiont communities. Our study thus provides a baseline for surveys that
may detect additional changes in endophyte communities as this forest recovers from Hurricane
Maria.

69

As our study was strictly retrospective, it is possible that variation in damage among our
subsites could reflect topography and related factors, and thus the differences we observed could
be signals of factors other than damage per se. To overcome this issue, we surveyed subsites
located in three main sites, each encompassing a local damage gradient. Further, we accounted
for differences in soil chemistry and addressed potential variation due to the presence of plants in
different families in each subsite. Therefore, we attribute the observed relationships of endophyte
richness, phylogenetic diversity, and distinctiveness (leaves) and community structure (leaves
and roots) to damage as a function of the hurricane’s impacts. We note further that the major
groups of endophytes found in sites with low- and intermediate damage, including the most
common genera, resemble those investigated by Lodge et al. (1996) in Manilkara bidentata of
Puerto Rico.
The findings of our study also align with those of Kandalepas (2012), in which foliar
endophyte diversity and community composition in wetland plants were affected strongly by a
simulated hurricane. In that study, hurricane winds acted as an agent of dispersal, homogenizing
the endophyte community in the sampled plants (Kandalepas 2012). More broadly, winds often
lead to canopy opening and litter accumulation (Cantrell et al., 2014; Everham & Brokaw, 1996;
González et al., 2014; Lugo, 2000; Shiels et al., 2010; Shiels & González, 2014; Xi & Peet,
2011; Zimmerman et al., 1996). Damage to the forest canopy can increase light intensity and
temperature and change humidity and soil moisture (Bellingham et al., 1996; Denslow et al.,
1998; Fernandez & Fetcher, 1991; Lugo, 2008; Richardson et al., 2010; Turton, 1992). In turn,
litter accumulation changes nutrient composition and alters biochemical cycles, which are vital
factors in the control of fungal biomass (Denslow et al., 1998; González et al., 2014;
Harris,1981; Landesman & Dighton, 2011; Lodge et al., 1991; Mannaa & Kim, 2018; Miller &
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Lodge, 1997; Rousk & Bååth, 2011). Increases in solar radiation and litter drying as a result of
hurricane disturbance can result in the replacement of less tolerant fungal species by disturbanceadapted species and the occurrence of homogenous fungal communities, as observed following
Hurricane Hugo in Puerto Rico (Lodge & Cantrell, 1995; Vandermeer et al., 2000). We suggest
that these factors may partly explain alterations in the endophyte communities observed in our
findings in response to hurricane damage. Nonetheless, Hubbell et al. (1999) demonstrated that
the occurrence of disturbance events would not necessarily lead to the replacement of lesstolerant species by disturbance-adapted species, but instead by species that are abundant enough
at the right place and time. Hence, we cannot rule out that the spatial structure of fungal
endophytes following a major disturbance event will depend on species abundance and recovery,
rather than the effect of stress.
Overall, our results suggest that endophytes are sensitive to damage due to major
hurricanes, and that such sensitivity can be detected well after a year post-disturbance,
particularly in foliar endophyte communities. Thus widespread damage consistent with the
increasing impact of hurricanes under climate change could lead to local extirpation of
distinctive endophyte species that may have co-evolved with key components of island flora, and
which may be important for the resilience of island ecosystems. Such effects may be relatively
immediate in leaves, and relatively slow in roots, which could be evaluated in the present study
by resampling our subsites in subsequent years. Overall, our work contributes to understanding
how microbial communities that influence plant growth and resilience are sensitive to major
abiotic disturbances, which is important for predicting their function in plants under an altered
climate and developing strategies to restore severely damaged ecosystems in diverse regions of
the world.
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Table 1. Site characteristics, damage, and soil chemistry collected at Carite State Forest,
Puerto Rico, 16 months after the passage of Hurricane Maria. Plant taxa collected in each
subsite are shown in Table S4.
Site

Subsite

Lat (N)

Long (W)

Elevation

Damage

Soil chemistry

(m a.s.l.)

score

(PPM)
NO3-

P

K

1

1

18°05'25.52”

66°01'57.41”

560.8

4

29.33

1.60

189.67

1

2

18°05'26.05”

66°01'57.41”

560.8

6

27.33

3.10

275.00

1

3

18°05'25.33”

66°01'58.14”

560.8

8

38.00

1.02

103.67

2

1

18°07'21.60”

66°04'11.38”

606.5

1

30.33

1.55

191.67

2

2

18°07'19.53”

66°04'10.05”

606.5

10

37.00

ND

101.00

2

3

18°07'19.32”

66°04'11.04”

606.5

12

29.33

2.88

275.67

3

1

18°05'28.77”

66°02'03.77”

655.3

11

31.33

1.23

294.33

3

2

18°05'29.40”

66°02'04.54”

618.7

21

35.33

1.02

210.00

3

3

18°05'27.84”

66°02'04.32”

618.7

30

43.33

0.43

204.67

ND: not determined
m a.s.l.: meters above sea level
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Table 2. Richness of leaf and root endophytes as a function of forest damage at Carite
State Forest. The analysis includes plant family as a random factor to account for differences in
plant community composition among subsites. Log damage (log-transformed damage scores)
are included twice to account for the quadratic fit implied by the intermediate disturbance
hypothesis.

Nparm

DF

DFDen

F Ratio

Prob > F

Log Damage*Log Damage

1

1

33.87

6.16

0.0182*

PCsoil

1

1

35.03

0.03

0.8561

Log Damage*Log Damage

1

1

34.37

0.75

0.3935

PCsoil

1

1

35

0.29

0.5951

Leaf endophytes

Root endophytes
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FIGURE LEGENDS
Figure 1. (A) Carite State Forest, Puerto Rico. Colored circles represent sampling sites:
yellow, site 1; orange, site 2; blue, site 3. Each site included three subsites representing local
damage gradients. (B) Representative damage caused by Hurricane Maria at Carite State Forest.
Left: Subsite with a low damage score, viewed from beyond the forest edge (site 1, subsite 1).
Right: subsite with a high damage score (site 3, subsite 3).

Figure 2. (A) Species richness of leaf endophytes varied significantly as a function of forest
damage. Plant families are noted by color. The size of each point reflects the first principal
component of soil chemistry (PCsoil). Open circles represent samples with the smallest values
for PCsoil. Details of the multiple regression results shown in Table 2; R2 = 0.20. The grey band
shows the 95% confidence interval. ND = family not determined. (B) Species richness of root
endophytes did not vary as a function of forest damage R2 = 0.03, P = 0.6163. Plant families
Moraceae, Poaceae, Rubiaceae, and Salicaceae are not represented as individuals were filtered
during sequence editing and quality control.

Figure 3. Faith’s phylogenetic diversity of (A) leaf endophytes varied as a function of forest
damage, decreasing at intermediate levels of damage relative to low- and high-damage subsites
(quadratic fit; P = 0.0122). No such pattern was detected for (B) root endophytes (P = 0.1811).
Subsites not shown in the panels were excluded due to the conservative data filtering steps
established for these analyses (see text).
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Figure 4. Communities of leaf endophytes differed in species composition among sites and
as a function of damage, as illustrated by NMDS based on (A) Jaccard index and (B) Morisita
index. Symbols shows local damage: x, lowest local damage within site; open circle,
intermediate local damage; closed circle, highest local damage. Colors: black, site 1; aqua, site
2; blue, site 3. We removed sample 222 as an outlier (Morisita). The outlier code indicates site,
subsite, and plant numbers as shown in Table S4. For statistical analyses see Table S5.

Figure 5. Communities of root endophytes differed in species composition among sites and
as a function of damage, as revealed by NMDS based on (A) Jaccard index and (B) Morisita
index. Symbols shows local damage: x, lowest local damage within site; open circle,
intermediate local damage; closed circle, highest local damage. Colors: black, site 1; aqua, site
2; blue, site 3. We removed outliers 135 and 132 (Jaccard) and 234 and 314 (Morisita). The
outlier codes indicate site, subsite, and plant numbers as shown in Table S4. For statistical
analyses see Table S5.

Figure 6. Distinctiveness score of community composition for (A) leaf endophytes and (B)
root endophytes as a function of damage (see Table S5). Quadratic fit based on damage alone
is significant for leaf endophytes (R2 = 0.58; P < 0.0001) but not root endophytes (R2 = 0.10, P =
0.1152).
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SUPPORTING INFORMATION
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Table S1. Measurements of stem richness and density, canopy height, diameter at breast
height (DBH), canopy cover, and soil pH for plots at Carite State Forest, Puerto Rico, 16
months after the passage of Hurricane Maria. Methods followed Oita et al. (2021): stem
density was defined as the total number of stems with >1 cm DBH, stem richness was defined as
the number of species within the 4x5 plots with >1 cm DBH, and canopy cover was measured
with a densitometer at nine points (x9) of each plot.

Site

Subsite

Stem density

Stem richness

DBH

Canopy height (m)

Canopy cover (x/9)

Soil pH

1

1

1

1

11

5.00

4

7.0

1

2

2

2

2.0

3.00

3

7.0

1

3

1

1

33

2.04

4

7.0

2

1

1

1

30

7.62

7

7.0

2

2

4

2

43

1.52

7

7.5

2

3

3

2

14

3.05

4

7.0

3

1

2

1

76

3.66

5

6.5

3

2

1

1

29

1.83

6

6.5

3

3

1

1

160

3.96

3

6.5
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Table S2. Mock community information, including taxonomic assignment and DNA concentrations of species for tiered and even
mock communities. ND, not determined.

Isolate

Phylum

Class

Order

Family

Species

Concentration (ng/µl)
Tiered

Even

AZ0245

Ascomycota

Pezizomycetes

ND

ND

ND

13.00

1.84

CBS 100462

Ascomycota

Dothideomycetes

Capnodiales

Cladosporiaceae

Cladosporium sphaerospermum

3.08

1.84

CBS 107.57

Basidiomycota

Agaricomycetes

Boletales

Suillaceae

Suillus brevipes

18.30

1.84

CBS 107930

Basidiomycota

Agaricomycetes

Russulales

Hericiaceae

Hericium abietis

2.02

1.84

CBS 110123

Ascomycota

Ascomycetes

ND

ND

Lecanicillium muscarium

23.20

1.84

CBS 116499

Ascomycota

Sordariomycetes

Amphisphaeriales

Discosiaceae

Seimatosporium lonicerae

11.80

1.84

CBS 119120

Ascomycota

Sordariomycetes

Hypocreales

Hypocreaceae

Trichoderma theobromicola

2.10

1.84

CBS 121445

Ascomycota

Sordariomycetes

Sordariales

Coniochaetaceae

Coniochaeta prunicola

10.40

1.84

CBS 122753

Ascomycota

Eurotiomycetes

Phaeomoniellales

ND

Neophaeomoniella zymoides

6.08

1.84

CBS 124948

Ascomycota

Sordariomycetes

Glomerellales

Glomerellaceae

Colletotrichum tropicale

2.53

1.84

CBS 130337

Ascomycota

Sordariomycetes

Hypocreales

Nectriaceae

Fusarium torulosum

2.98

1.84

CBS 130859

Ascomycota

Sordariomycetes

Hypocreales

Hypocreaceae

Hypocrea orientalis

5.44

1.84

CBS 133434

Zoopagomycota

ND

Entomophthorales

Ancylistaceae

Conidiobolus

7.16

1.84

CBS 158.61

Ascomycota

Sordariomycetes

Hypocreales

ND

Acremonium kiliense

10.20

1.84

CBS 161.73

Ascomycota

Dothideomycetes

Pleosporales

Pleosporaceae

Epicoccum nigrum

1.84

1.84

CBS 186.71

Ascomycota

Sordariomycetes

Amphisphaeriales

Pestalotiopsidaceae

Pestalotiopsis chamaeropis

6.48

1.84
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CBS 197.82

Ascomycota

Dothideomycetes

Pleosporales

Didymosphaeriaceae

Dendrothyrium variisporum

10.40

1.84

CBS 210.32

Mucoromycota

ND

Mortierellales

Mortierellaceae

Mortierella alpina

6.20

1.84

CBS 218.59

Zoopagomycota

ND

Dimargaritales

Dimargaritaceae

Dimargaris bacillispora

4.44

1.84

CBS 251.37

Basidiomycota

Agaricomycetes

Agaricales

Psathyrellaceae

Panaeolina foenisecii

23.60

1.84

CBS 352

Ascomycota

Schizosaccharomycetes

Schizosaccharomycetales

Schizosaccharomycetaceae

Schizosaccharomyces pombe

5.68

1.84

CBS 371.53

Basidiomycota

Ustilaginomycetes

Ustilaginales

Ustilaginaceae

Ustilago cynodontis

3.57

1.84

CBS 385.35

Ascomycota

Sordariomycetes

Xylariales

Xylariaceae

Xylaria mali

5.16

1.84

CBS 385.95

Mucoromycota

ND

Mucorales

Mucoraceae

Mucor endophyticus

2.30

1.84

CBS 388.52

Ascomycota

Leotiomycetes

Helotiales

Sclerotiniaceae

Botryotinia sp.

5.40

1.84

CBS 408.71

Basidiomycota

Agaricomycetes

Polyporales

Sparassidaceae

Sparassis crispa

2.08

1.84

CBS 6001

Basidiomycota

Exobasidiomycetes

Malasseziales

ND

Malassezia

4.04

1.84

CBS 675.73

Chytridiomycota

Chytridiomycetes

Chytridiales

Chytridiaceae

Chytridium confervae

13.20

1.84

CBS 6965

Basidiomycota

Tremellomycetes

Tremellales

Tremellaceae

Tremella aurantia

4.28

1.84

CBS 7744

Ascomycota

Saccharomycetes

Saccharomycetales

Metschnikowiaceae

Metschnikowia agaves

10.60

1.84

P3112

Basidiomycota

Pucciniomycetes

ND

ND

ND

0.94

-

Peachpath1

Ascomycota

Dothideomycetes

Pleosporales

ND

Phoma sp. A cf. aliena

2.58

1.84

103

Table S3. Primer information for host plant identification using genomic DNA obtained from leaves, including primer name,
targeted region, sequence, plant samples amplified with each, and source. Reference for all primer pairs: White et al. (1990), and
Cheng et al. (2016).

Primer pair name
ITS5/ITS4

ITS-P3/ITS-U4

ITS-P5/ITS-P3/ITS-U4

Targeted region
ITS5: 18S - Forward

Sequence (5’-3’)
ITS5: GGAAGTAAAAGTCGTAACAAGG

Plant samples amplified
Remaining plants

Amplification
Single

ITS4: 26S - Reverse

ITS4: TCCTCCGCTTATTGATATGC

ITS-P3: 5.8S - Forward

ITS-P3: YGACTCTCGGCAACGGATA

112,124,133,223,225,

Single

ITS-U4: 26S - Reverse

ITS-U4: RGTTTCTTTTCCTCCGCTTA

235,315,324,331,334

ITS-P5: 18S - Forward

ITS-P5: CCTTATCAYTTAGAGGAAGGAG

325

ITS-P3: 5.8S - Forward

ITS-P3: YGACTCTCGGCAACGGATA

ITS-U4: 26S - Reverse

ITS-U4: RGTTTCTTTTCCTCCGCTTA

Nested
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Table S4. Species richness and PCsoil for the leaf- and root endophyte data sets collected at Carite, Puerto Rico. PCsoil:
variation in soil chemistry (potassium, nitrate, and phosphorus) captured via a principal component analysis. Species not following a
specific criterion during the filtering and quality control process were removed (NA = Not applicable, species were filtered out; see
section 2.5). As a result, the data frame used for the principal component analysis differed slightly between leaves and roots leading to
variation in PCsoil between the groups. Taxonomic placement of plant individual was achieved via molecular characterization (see
section 2.4). Despite multiple amplification and optimization of protocols, several sampled species remain unidentified, and plant
tissue degraded in the post-hurricane conditions to the point that morphological identification was not possible (ND = not determined).

Site

1
1
1
1
1
1

Subsite

1
1
1
1
1
2

Sample

1
2
3
4
5
1

Plant family

Euphorbiaceae
Salicaceae
Melastomataceae
Melastomataceae
Melastomataceae
ND

Plant Species

Species Richness

PCsoil

Leaves

Roots

Leaves

Roots

280

119

0.462

0.365

109

NA

0.462

NA

278

66

0.462

0.365

208

177

0.462

0.365

175

228

0.462

0.365

NA

228

NA

2.208

Alchornea davidii
Casearia velutina
Clidemia eggersii
Miconia racemosa
Nepsera aquatica
ND
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1
1
1
1
1
1
1
1
1
2
2
2
2
2
2

2
2
2
2
3
3
3
3
3
1
1
1
1
1
2

2
3
4
5
1
2
3
4
5
1
2
3
4
5
1

Urticaceae
ND
Lauraceae
ND
Euphorbiaceae
ND
Myrtaceae
ND
Fabaceae
Melastomataceae
Calophyllaceae
Fabaceae
Rubiaceae
Calophyllaceae
Calophyllaceae

Pourouma guianensis
215
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2.365

2.208

88

99

2.365

2.208

204

133

2.365

2.208

192

134

2.365

2.208

116

NA

-1.650

NA

267

135

-1.650

-1.710

143

NA

-1.650

NA

69

NA

-1.650

NA

154

240

-1.650

-1.710

79

129

0.325

0.232

32

133

0.325

0.232

22

125

0.325

0.232

28

NA

0.325

NA

15

111

0.325

0.232

37

88

-2.208

-2.231

ND
Ocotea sp.
ND
Alchornea davidii
ND
Syzygium jambos
ND
Inga thibaudian
Miconia lacera
Calophyllum brasiliense
Pterocarpus indicus
Gonzalagunia affinis
Calophyllum inophyllum
Calophyllum brasiliense
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2
2
2
2
2
2
2
2
2
3
3
3
3
3
3

2
2
2
2
3
3
3
3
3
1
1
1
1
1
2

2
3
4
5
1
2
3
4
5
1
2
3
4
5
1

Myrtaceae
Arecaceae
Melastomataceae
Melastomataceae
Moraceae
Bignoniaceae
Bignoniaceae
Urticaceae
Calophyllaceae
Fabaceae
Meliaceae
Lythraceae
Fabaceae
Araceae
Melastomataceae

Eucalyptus rudis
NA

77

-2.208

-2.231

65

97

-2.208

-2.231

79

174

-2.208

-2.231

36

71

-2.208

-2.231

46

NA

1.993

NA

41

106

1.993

1.847

24

90

1.993

1.847

65

36

1.993

1.847

21

53

1.993

1.847

120

117

0.844

0.766

141

94

0.844

0.766

242

68

0.844

0.766

NA

37

NA

0.766

113

108

0.844

0.766

209

189

-0.461

-0.524

Adonidia sp.
Miconia racemosa
Miconia racemosa
Ficus pandurata
Colea hirsuta
Handroanthus aureus
Cecropia peltata
Calophyllum sp.
Inga thibaudiana
Guarea glabra
Lagerstroemia speciosa
Pterocarpus indicus
Araceae sp.
Miconia racemosa
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3
3
3
3
3
3
3
3
3

2
2
2
2
3
3
3
3
3

2
3
4
5
1
2
3
4
5

Melastomataceae
ND
Calophyllaceae
Cyathaceae
Poaceae
Lythraceae
Fabaceae
Calophyllaceae
Euphorbiaceae

Miconia racemosa
73

163

-0.461

-0.524

264

155

-0.461

-0.524

58

139

-0.461

-0.524

231

134

-0.461

-0.524

41

NA

-1.835

NA

232

151

-1.835

-1.862

141

73

-1.835

-1.862

31

59

-1.835

-1.862

NA

121

NA

-1.862

ND
Calophyllum polyanthum
Cyathaceae sp.
Sorghum sp.
Lagerstroemia speciosa
Inga laurina
Calophyllum sp.
Alchornea davidii
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Table S5. Pairwise comparisons of leaf endophyte communities (A) and root endophyte communities (B) among subsites.
Values were obtained from ANOSIM based on Jaccard index (below diagonal, based on presence-absence data) and Morisita index
(above diagonal, based on abundance data), adjusted via Bonferroni correction. Significant values indicate significantly different
species composition. Distinctiveness scores are calculated as the number of times a subsite is significantly different in endophyte
species composition relative to other sites, as show in Figure 5.
Leaf endophytes
Subsite

1.1

1.1

1.2

1.3

2.1

2.2

2.3

3.1

3.2

3.3

0.1284

0.0302

0.00092

0.0092

0.01

0.0282

0.6063

0.0254

0.3863

0.4778

0.0303

0.8251

0.3728

0.3347

0.1396

0.0085

0.0086

0.0083

0.2412

0.1914

0.1607

0.4152

0.094

0.3439

0.0569

0.6374

0.8456

0.0573

0.0984

0.6503

0.7846

0.0078

0.986

0.4117

0.4639

1.2

0.0497

1.3

0.0074

0.0322

2.1

0.0075

0.0138

0.0067

2.2

0.0081

0.0277

0.0098

0.024

2.3

0.008

0.0175

0.0086

0.1115

0.168

3.1

0.0156

0.0316

0.0725

0.0165

0.028

0.0245

3.2

0.4565

0.3802

0.0729

0.0223

0.0919

0.0171

0.1629

3.3

0.014

0.0613

0.064

0.0821

0.1231

0.1961

0.2298

0.2271

0.1688

0.5345

0.0305

0.2855

0.0612

0.0277

0.3406

0.2023

0.2807

0.0085

0.0074

0.0178

0.0093

0.0694

0.0261

0.1108

Root endophytes
1.1
1.2

0.0806
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1.3

NA

NA

0.5379

0.9044

0.5064

0.3362

0.6099

0.528

2.1

0.0266

0.0091

NA

0.3561

0.0602

0.0297

0.2464

0.0537

2.2

0.0086

0.0082

NA

0.1937

0.5675

0.0331

0.0098

0.2762

2.3

0.0275

0.0085

NA

0.0549

0.4788

0.0281

0.0164

0.4932

3.1

0.0079

0.0077

NA

0.0109

0.0066

0.0076

0.0088

0.1706

3.2

0.4284

0.039

NA

0.5434

0.1352

0.0381

0.0076

3.3

0.1688

0.0159

NA

0.1149

0.6724

0.6016

0.0773

0.034
0.335

NA = Not applicable; removed as outliers.
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Figure S1. Positive association between read number and operon number, both lntransformed, in mock communities with tiered concentration of DNA (R2 = 0.51, P < 0.0001).
Accordingly, read abundance was used as a proxy for biological abundance.
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Figure S2. Most prevalent taxa among leaf endophytes at each (A) subsite and (B) as a
function of damage. Colors: dark blue, Dothideomycetes; white-black dashes, Eurotiomycetes;
green, Leotiomycetes; fuschia, Sordariomycetes; grey, other Ascomycota. Most prevalent taxa
among root endophytes at each (C) subsite and (D) as a function of damage. Colors: dark blue,
Dothideomycetes; white-black dashes, Eurotiomycetes; light blue, Pezizomycetes; fuschia,
Sordariomycetes; grey, other Ascomycota.
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Figure S3. Endophyte richness did not vary meaningfully among plant families. (A) Leaf
endophytes, Chi sq = 25.21, DF = 16, P = 0.0661. (B) Root endophytes, ANOVA, F = 0.6892,
DF = 13, 24, P = 0.7548).
A.

B.
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Figure S4. Relationship between species richness and PCsoil. (A) Leaf endophytes data
frame. Linear fit based on PCsoil alone is not significant (R2 = 0.000, P = 0.9725). (B) Root
endophytes data frame. Linear fit based on PCsoil alone is not significant (R2 = 0.010, P =
0.5529). Points are colored by plant family; ND = not determined. Grey band = 95% confidence
interval.
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Figure S5. Soil traits (PCsoil) did not vary significantly with forest damage (R2 = 0.078, DF
= 1, 39, P = 0.0776).

A.
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Figure S6. Indicator species as a function of damage scores for (A) leaf endophytes and (B)
root endophytes. Each colored box represents an OTU identified by indicator species analysis.
Colors correspond to the Indicator Value (IndVal) associated with each taxon. Indicator species
were identified only to the genus level due to short length of MiSeq sequences. Phylogenetic
placement of all indicator species from leaf sequences were inferred by T-BAS. Sequences
unable to be placed by T-BAS were compared via BLASTn to fungal records in GenBank.
Sequences returning as “unclassified” or not belonging to the Pezizomycotina were filtered from
analyses.
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APPENDIX B: A FUNGAL ENDOPHYTE FROM A WILD RELATIVE PROTECTS
CULTIVATED LETTUCE AGAINST HEAT STRESS AND THE PATHOGEN
FUSARIUM OXYSPORUM F. SP. LACTUCAE
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A fungal endophyte from a wild relative protects cultivated lettuce against heat stress and
the pathogen Fusarium oxysporum f. sp. lactucae

Nicole Colón-Carrión1*, Barry M. Pryor1, A. Elizabeth Arnold1,2

1. School of Plant Sciences, University of Arizona
2. Department of Ecology and Evolutionary Biology, University of Arizona
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ABSTRACT
Climate change is associated with increasing heat stress and disease pressure in plants, with the
potential to negatively affect crop production and lead to economic losses. Some fungal
endophytes mitigate drought and thermal stress, and some protect plants against disease, but
endophyte communities in cultivated plants often are not as rich as those in wild plants,
potentially limiting their ability to confer resilience. One strategy for promoting crop plant
protection is to apply endophytes from their wild relatives, especially those wild relatives that
occur in areas that are dry, hot, or have high pathogen pressure. Here, we isolated endophytic
fungi from Lactuca serriola (prickly lettuce), an introduced weed that is common in southern
Arizona, USA, and investigated their utility to promote resistance of cultivated lettuce (Lactuca
sativa) to Fusarium oxysporum f. sp. lactucae (FOL) under heat stress. We first confirmed that
endophytes from L. serriola can colonize tissues of cultivated lettuce and validated that they do
not cause symptoms of disease in L. sativa. We then tested whether these fungi inhibited the
growth of FOL via in vitro bioassays. Finally, we evaluated how the endophytes mitigated plant
responses to an unexpected heat stress event and subsequent FOL infection. Focal endophytes
isolated from prickly lettuce readily colonized cultivated lettuce and did not induce symptoms of
disease in vitro. Of the tested endophytes, Fusarium solani, Biscogniauxia sp., Alternaria sp.,
and Fusarium brachygibbosum inhibited FOL growth in vitro. Biscogniauxia sp. SY1142A
enhanced heat tolerance of L. sativa and reduced disease severity due to FOL. Relative to plants
treated only with FOL, treatment with SY1142A marginally increased root dry mass even when
FOL was present. Our results show that fungal endophytes from weedy plants that are often
considered undesirable may contribute to the resilience of an important cultivated plant.
Keywords: Ascomycota, climate change, biological control, plant-fungal symbioses
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1. INTRODUCTION

Cultivated lettuce (Lactuca sativa, Asteraceae) is a leafy vegetable crop grown in over 100
countries worldwide (FAO, 2018; Shatilov et al., 2019). Global production of lettuce is estimated
to exceed 29 million tons (mt), making it one of the world’s most important vegetable crops
(FAO, 2019; Shatilov et al., 2019). The United States is the second highest producer of lettuce
globally, with an approximate production of 3.69 mt and an estimated impact of $1.5 billion per
year (FAO, 2018; USDA, 2016). Most U.S. production (>90%) occurs year-round in California
(Salinas Valley, San Juaquin Valley, and Imperial Valley; spring, summer, fall) and Arizona
(Yuma; winter) (Boriss & Brunke, 2005). Along with its economic value, lettuce has high
nutritional value, providing vitamins, fiber, carbohydrates, and protein to consumers (Das &
Bhattacharjee, 2020; FAO, 2020). However, lettuce production is threatened by a variety of pests
and pathogens worldwide (eg., Feng et al., 2019; Gullino et al., 2019), including Fusarium
oxysporum f.sp. lactucae.
Fusarium oxysporum f.sp. lactucae (FOL) is a devastating phytopathogen of lettuce that
causes stunting, leaf chlorosis, and reddish to brown discoloration of the xylem (Gordon &
Koike, 2015). In severe cases, FOL infections lead to the collapse of the plant and death
(Gordon & Koike, 2015). This soil-borne pathogen was first identified in 1955 in Japan and
subsequently was detected across Asia, Europe, and North America, likely moving via
contaminated seed (Garibaldi et al., 2002; Garibaldi et al., 2004; Gilardi et al., 2019; Gordon &
Koike, 2015; Matheron & Koike, 2003; Matuo & Motohashi, 1967; Millani, 1999; Murray et al.
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2020; Scott et al., 2014). In Arizona, FOL was first identified in 2001, when infections in
approximately 27 fields led to major agroeconomic losses (Hubbard & Gerik, 1993; Matheron &
Koike, 2003; Matheron et al., 2005).
Methods for control of FOL include the use of resistant lettuce varieties, field sanitation
practices, crop rotation, and the application of chemical compounds (Gordon & Koike, 2015).
Crop rotation and field sanitation are challenging because FOL can persist as chlamydospores in
the soil for long periods of time in the absence of a host plant (Gordon & Koike, 2015; Nelson,
1981). The use of resistant varieties can reduce the impact of FOL, but the genetic basis of the
resistance is not entirely understood and the potential for new races of the pathogen to emerge
and overcome resistance is of high concern (Gordon & Koike, 2015; Scott et al., 2012; Takken &
Rep, 2010). The use of chemical compounds has been limited due to the reduction of authorized
products (Colla et al., 2012; e.g., Gilardi et al., 2017), and because such compounds can cause
environmental pollution, lead to adverse effects on animal and human health, and support the
development of fungicide-resistant strains (Berger et al., 2017; Budzinski & Counderchet, 2018;
Carvalho, 2017; Fantke & Jolliet, 2016). Moreover, the effectiveness of chemical controls can be
affected by increases in temperatures, altering their degradation, penetration, translocation,
retention, and/or mode of action, and increasing the probability of pesticide resistance (Edis et
al., 1996; Elad & Pertot, 2014; Matzrafi et al., 2016; Refatti et al., 2019). Thus, there is a need to
implement safe and effective approaches to replace these control methods, especially given the
current increases in temperature that are result of climate change (NOAA, 2020).
Biological agents have emerged as major tools for the control of phytopathogens in
diverse agricultural systems (e.g., Kohl et al., 2019; Volpiano et al., 2018). In particular,
microbial symbionts that may act as antagonists of pathogens represent a promising and
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environmental-friendly approach (e.g., Carmona-Hernandez et al., 2019; Kamal et al., 2015;
Kohl et al., 2019). Plants in natural ecosystems host diverse microbial symbionts, such as fungal
endophytes, that confer protection against biotic and abiotic stresses (Arnold et al., 2003; Mejía
et al., 2008; Rojas et al., 2020). Fungal endophytes are microscopic fungi that colonize healthy
plants without causing apparent symptoms of disease (Arnold, 2002). Selected fungal endophytes
evaluated for the control of some forms of Fusarium oxysporum in previous studies exhibited
promising results, decreasing pathogen growth (Combès et al., 2012; De Lamo & Takken, 2020;
Fierro-Cruz et al., 2017) and wilt severity in melon and banana (Khastini et al., 2014; Puig &
Cumagun, 2019). However, the effectiveness of endophytes against FOL has not been explored.
Given rising temperatures and shifts in precipitation due to climate change, the
development of biocontrol strategies should center on the use of fungal endophytes that can
withstand climate change-induced stresses. Weedy plants often adapt rapidly to abrupt changes
in the environment due to their phenotypic plasticity and rich microbiota (Bufford & Hulme,
2021; Catambacan & Cumagun, 2021; Mahaut et al., 2020). Weed-associated fungal endophytes
often improve plant health and resistance most markedly when their host plants occur in stressful
environments, suggesting that they may be particularly useful symbionts for phenotypic
modulation of crop plants (Rodriguez et al., 2009; Catambacan & Cumagun, 2021).
The use of fungal endophytes from wild and weedy relatives of crop plants represents a
novel strategy for biocontrol and plant improvement given the increased abiotic stress and
pathogen pressure anticipated under a changing climate. One weedy plant that is closely related
to cultivated lettuce is Lactuca serriola, an herbaceous annual distributed throughout Europe and
introduced to North America. In Arizona it is commonly found on disturbed and abandoned
fields and roadsides (Lebeda et al., 2019). It is known for its high water use efficiency and
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growth in water- and nutrient-poor environments (Alexander, 2010; Chadha et al., 2019;
Gallardo et al., 1996; Lebeda et al., 2019; Werk & Ehleringer, 1984). In Arizona, L. serriola
hosts diverse fungal endophytes in both stems and roots (Arnold, unpubl. data).
The goal of this study was to evaluate the capacity of fungal endophytes isolated from a
wild relative (L. serriola) to provide protection against FOL in cultivated lettuce (L. sativa). In
initial studies, we confirmed that L. serriola endophytes can colonize tissues of cultivated lettuce
and do not cause symptoms of disease in vitro. We then tested whether these fungi inhibited the
growth of FOL in vitro. Finally, we evaluated the capacity of these fungi to mitigate plant
responses to FOL infection following an unexpected heat stress event. To the best of our
knowledge, this is the first study that focuses on using fungal endophytes from a wild relative of
lettuce to control FOL. Our findings highlight that weedy plants, otherwise considered
undesirable, harbor potentially useful strains for crop protection, contributing to a new strategy
for biological control and the promotion of plant resilience to heat stress.

2. METHODS
2.1 Isolation of endophytes from L. serriola
Endophytes were isolated from roots of healthy, mature individuals of L. serriola collected from
abandoned fields and roadsides in 2014 and 2015 from Tucson, Arizona (Pima County, Arizona,
USA: mean annual temperature, 21.9°C; mean annual precipitation, 341 mm) (Arnold,
unpublished data). Six fungal endophytes were re-grown from living vouchers at the Robert L.
Gilbertson Mycological Herbarium at the University of Arizona and selected for further analysis
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(Table 1). They were chosen to represent the most common genotypes observed in the culture
collection and to encompass a phylogenetic diversity of strains (Table 1). An isolate of FOL
(BMP3770) previously obtained from diseased tissue of L. sativa at the University of Arizona’s
(UA) Yuma Agricultural Center was used as the experimental pathogen.

2.2 Capacity of fungal endophytes from L. serriola to colonize L. sativa
We tested the capacity of selected fungal endophytes isolated from roots of L. serriola, and FOL
BMP3770, to infect root disks of L. sativa in vitro. Endophytes and FOL were re-cultured from
vouchered samples on 2% MEA supplemented with antibiotics (KCAT: 50 μg/mL kanamycin,
40 μg/mL ciprofloxacin, 100 μg/mL ampicillin, 10 μg/mL tetracycline; see Hoffman & Arnold
2010) at room temperature. MEA plates were supplemented with KCAT to prevent bacterial
contamination or growth in our cultures. The resulting cultures were used as inocula, as
described below.
Lactuca sativa cv. Raider (head lettuce) plants were provided by the UA Yuma
Agricultural Center and processed within 48 hrs. of harvesting to provide tissue samples. The tap
root of each plant was cut into segments ca. 1 cm in diameter starting 2 cm below the crown.
Segments were rinsed in running water and surface sterilized as described above, then air dried
in sterile conditions and randomly assigned to one of two experiments: (1) segments plated on
water agar media (WA) supplemented with KCAT, or (2) segments plated on sterile filter paper
moistened by sterile water. In both cases, we placed five segments on each plate and prepared
three plates per endophyte or FOL on each substrate. Water agar was selected because many
fungi grow slowly on it (Samson et al., 2004), preventing the growth of endophytes from L.
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sativa while allowing observation of the inoculated strains. Moist filter paper was similarly
selected to avoid the growth of fungal endophytes from L. sativa root discs.
Inocula for each selected endophyte and FOL were prepared following Harrington et al.
(2019). Briefly, one 6 mm disc was removed from the growing edge of the mycelium of each
culture on 2% MEA under sterile conditions, transferred to a 1.5 mL tube containing 1 mL of
sterile water, and ground with a sterile pestle. Each tissue segment then was inoculated with 10
μl of the mycelial suspension. Sterile MEA discs ground in sterile water were used as a negative
control. Petri dishes were wrapped three times with Parafilm and incubated at room temperature.
After 11 days, tissue segments were assessed for evidence of colonization and symptoms
of necrosis. Segments were evaluated for the extent of fungal growth: 1 = no colonization (i.e.,
no hyphae visible on the tissue), 2 = low colonization (15-25 % coverage of root disc by fungal
mycelium), 3 = medium colonization (25-50 % coverage by fungal mycelium), 4 = high
colonization (50-100 % coverage by fungal mycelium), 5 = overgrowth (100-125 % coverage by
fungal mycelium), 6 = extreme overgrowth (>125 % coverage of by fungal mycelium) of the
tissue. Strains not causing necrosis on root segments, and showing successful colonization, were
selected for future analyses

2.3 Antagonism assay
To evaluate antagonistic activity of selected endophytes against FOL in vitro, we conducted a
dual plate assay. Methods followed Del Olmo-Ruiz (2012). Briefly, an 8 mm plug of mycelium
was transferred from the growing edge of each culture to dual assay plates prepared with MEA
that was supplemented with KCAT. One mycelial plug from FOL was placed 4 cm from the plug
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of a single endophyte in the same 100 mm Petri dish. Mycelial plugs from FOL placed
individually on MEA plates supplemented with KCAT were used as a control. Three replicate
plates per endophyte combination and three control plates were incubated at 22°C. Interactions
were evaluated every 48 h and measurements were taken 7 days after plating. Distance (in mm)
from the point of inoculation of the pathogen strain to the colony margin in the direction of the
endophyte was measured for each plate and defined as V1. Colony diameter of the pathogen
strain was measured perpendicularly to V1 and defined as V2. Antagonistic activity of the
endophyte towards the pathogen was assessed by comparing each combination to the control (V1
vs. V2/2).

2.4 Seedling inoculation experiments
To evaluate the ability of fungal endophytes to protect against FOL infection, seeds of the lettuce
cultivar Raider were sown into 6” individual pots with sterilized/autoclaved potting soil
(Sunshine Mix No. 1, Sun Gro Horticultural, Agawam, MA) and maintained uncovered in a
greenhouse for 5 weeks at 22°C (Paugh & Gordon, 2019). A 45% shade cloth was added to the
greenhouse ceiling to avoid exposing the seedlings to high levels of sunlight. Each seedling was
assigned randomly into one of four treatment groups: endophyte, endophyte + pathogen,
pathogen, and control (mock inoculation). The four treatments were arranged in a complete
randomized block design with eight replications.
Liquid cultures of each selected endophyte were prepared in individual 500 mL flasks.
Each flask contained 200 mL of autoclaved malt extract (ME) inoculated with three 5 mm
mycelial discs obtained from the actively growing edge of the endophyte culture on MEA
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(Mucciarelli et al., 2003; Cabral et al., 2014; Yamaji et al., 2016). Flasks were incubated at 25°C
for 15 days on a shaker (110 rmp). Sterile MEA discs were inoculated into ME liquid medium
for controls (mock inoculation).
Liquid cultures were filtered through a sterile tea strainer and rinsed with sterile
deionized water to obtain mycelium (Yamaji et al., 2016). Mycelium obtained from each
endophyte was added to sterile deionized water and homogenized with a sterile blender (20 s run,
1 min rest, 20 s run) (Shaffer et al., 2017; Yamaji et al., 2016). Each suspension was prepared to
contain 15 mg/mL of mycelium (Yamaji et al., 2016). Finally, 20 mL of the homogenized
solution for each endophyte was transferred to 50 mL sterilized tubes and used for endophyte
inoculations.
Seedlings were inoculated within 2 hrs. of preparing the inoculum following a
modification of the method described by Mucciarelli et al. (2003). Briefly, 20 mL of mycelium
suspension from one endophyte strain was syringed into the soil close to the roots of the
seedlings. Control plants were inoculated with mock inoculum as stated above. Plants belonging
to the pathogen treatment group were inoculated with 20 mL of sterile deionized water at this
time. Seedlings were maintained in the greenhouse for 14 days with mean daily temperatures
ranging from 20 to 26ºC and water provided every other day (Paugh & Gordon, 2019). After 14
days, plants belonging to the pathogen and endophyte + pathogen treatment groups were
inoculated with FOL mycelium suspension. Liquid cultures of FOL were prepared in the same
manner as the endophyte inocula (see also Herrera et al., 2010).
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2.5 Capacity of fungal endophytes from L. serriola to protect L. sativa against thermal
stress
As the experimental period progressed, outside temperatures ranged from 35 to 38ºC, leading to
daily temperature fluctuations inside the greenhouse. This led to heat stress in the experiments
that was independent of the treatment. Thus, four weeks after pathogen inoculation (API) we
had the opportunity to evaluate the capacity of fungal endophytes to protect cultivated lettuce
against thermal stress. Given the nature of these experiments, we only analyzed thermal
protection in endophyte-treated and mock inoculated plants. We selected leaves from each host
and categorized them into three groups: healthy to mild chlorosis, chlorotic, and dead.

2.6 Capacity of fungal endophytes from L. serriola to protect L. sativa against FOL
Four weeks after pathogen inoculation (API), the endophyte that promoted plant resilience
against heat stress was further evaluated for its capacity to decrease disease severity caused by
FOL in vivo (Garibaldi et al., 2004; Scott et al., 2010; Cabral et al., 2014). Disease severity was
measured as in Scott et al. (2010): 1 = no symptoms, 2 = mild stunting, 3 = severe stunting and
leaf yellowing or necrosis, 4 = dead plants. Plants were removed from pots and roots were rinsed
with tap water until soil particles were removed. Plant height, leaf number, leaf length, root
length, and fresh weight were measured for each plant. Tap roots were cut into cut into segments
of 1 cm diameter starting 2 cm below the crown and surface-sterilized as described above. Three
segments were stored in Eppendorf tubes containing cetyl trimethylammonium bromide (CTAB)
buffer at -80ºC for DNA extraction and PCR to confirm endophyte and/or pathogen colonization.
The remaining root tissue of each plant was placed in aluminum foil pouches, dried at 80ºC for
24 h, and weighed to obtain dry weight (Kengkanna et al., 2019).
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2.7 DNA isolation, amplification, and sequencing
Genomic DNA obtained from roots was used to confirm endophyte identity and FOL
colonization after four weeks API. We extracted total genomic DNA from roots via the
RedExtract-N-Amp plant PCR kit (Sigma-Aldrich, USA). We used ITS1F/LR3 primers to
amplify the nuclear ribosomal internal transcribed spacers (ITS), 5.8S locus, and a portion of the
nuclear ribosomal large subunit (LSU rDNA) (Cheng et al., 2016; Oita et al., 2021; Toju et al.,
2012; U’Ren et al., 2010; White et al., 1990). PCR amplifications were carried out with a total
volume of 20 µL containing 10 µL of REDExtract-N-Amp PCR Reaction Mix (Sigma-Aldrich,
USA), 0.8 µL of each 10 mM primer, 7.4 µL of molecular biology grade water (Fisher Scientific,
USA), and 1 µL of DNA template. Amplifications were run in an MJ Research PTC-200
Gradient Thermal Cycler. After 3 min at 94°C, 36 cycles were run 30 s denaturation at 94°C, 30
s annealing at 54°C, and 1 min extension at 72°C, followed by a final extension of 10 min at
72°C (Hoffman et al., 2008). PCR amplifications were stained with SYBR green and verified
with a 1% agarose gel under UV light. Samples that failed to produce a visible band representing
amplification were re-run using 1ul of the PCR primer product and ITS1F/ITS4 primers in a
hemi-nested reaction. Amplicons were cleaned with1 μL ExoSAP-IT (Affymetrix, USA) and
incubated in the thermal cycler for 60 min at 37°C and then 15 min at 80°C (Bell, 2008).
Samples were sent to the University of Arizona Genetics Core (UAGC) for bidirectional
sequencing with 5 mM of the original primers on a 373xl DNA Sequencer (Applied Biosystems,
USA). Contigs obtained were assembled and edited with phred/phrap in Mesquite v.2.75, and
then checked by eye in Sequencher v.4.5 (Ewing et al., 1998; Maddison & Maddison 2017).
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Edited sequence data were compared via BLASTn to fungal records in GenBank (Altschul et al.,
1990).

2.8 Statistical analyses
For in vitro colonization trials, colonization scores were compared by Wilcoxon tests. We did not
include percentage of necrosis in our analyses, as segments did not develop necrosis (see below).
For antagonism trials, we compared FOL growth in the presence of endophytes vs. without
endophytes via Student’s t-tests. Variation in FOL inhibition among endophytes was compared
using a one-way ANOVA coupled with Tukey’s test following confirmation that inhibition
values were distributed normally. Variation in leaf chlorosis following heat stress in
endophytetreated and mock-treated lettuce plants was compared via Wilcoxon tests. We used
Student’s ttests to compare phenotypic traits and disease severity between plants treated with an
endophyte and FOL, vs. those treated with FOL alone.

3. RESULTS
3.1 Endophytes from prickly lettuce colonize Lactuca sativa in vitro
All selected endophytes from L. serriola colonized root tissue of L. sativa robustly in vitro.
Because trends were similar in both experiments, results from on water agar and filter paper were
combined prior to analysis. On average, endophytes from L. serriola colonized ca. 75% of root
discs. Colonization scores for endophytes were similar to those of FOL in the same experiment,
and greater than evidence of fungal growth in negative controls (Chi sq = 7.07, DF = 2, P =
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0.0292) (Figure 1A). Mean colonization scores differed in a marginally significant manner
among endophytes (Chi sq = 10.27, DF = 5, P = 0.0680) (Figure 1B). We observed asexual spore
production by two endophytes on root segments (SY1494 and SY1149) but not by the pathogen,
the other endophytes, or the negative control. We did not observe sexual fruit body production
by any of the strains. None of the endophytes caused necrosis on root discs, but we note that in
this experiment, FOL also did not do so. This prompted us to take care in the inoculation
experiment to ensure that none of the endophytes caused symptoms of disease.
Because of excessive sporulation, endophytes SY1494 (Aspergillus terreus, Table 1) and
SY1149 (a non-pathogenic isolate of Fusarium oxysporum) were excluded from further analysis.
Isolates SY1140A, SY1142A, SY1144, and SY1157A were selected for continued studies.

3.2 Endophytes from prickly lettuce inhibited FOL in vitro
Endophytes SY1140A, SY1142A, and SY1157A significantly inhibited the colony growth of
FOL in vitro (Table 2). SY1144 also had a marginally significant effect in inhibiting FOL growth
(Table 2). The degree of FOL inhibition varied across endophytes (one-way ANOVA, F ratio =
11.83, DF = 3, P = 0.0039). The strongest inhibition towards FOL was by endophyte SY1157A
with a 55% reduction relative to the control. The lowest inhibition was observed by endophyte
SY1144 with a 13.3% reduction relative to the control.
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3.3 Endophyte SY1142A enhanced Lactuca sativa heat tolerance
Relative to mock-inoculated plants, treatment with endophytes reduced mortality when plants
were exposed to heat stress in the greenhouse experiment. The degree of leaf chlorosis varied
across treatments (Chi sq = 17.97, DF = 8, P = 0.0214) (Figure 2). Following treatment with
endophyte SY1142A (Biscogniauxia sp.), ca. 60% of plants survived and were chlorosis-free,
suggesting a particularly beneficial impact of this endophyte on heat-stressed lettuce (Figure 2).

3.4 Endophyte SY1142A reduced disease severity caused by FOL in Lactuca sativa
Following heat stress, treatment of L. sativa with SY1142A reduced disease severity due to FOL
(endophyte + pathogen treatment) when compared to plants treated only with the pathogen (t = 2.40, DF = 14, P = 0.0372) (Figure 3A). Treatment of L. sativa with SY1140A, SY1144, and
SY1157A did not reduce disease severity caused by FOL (Table S1), and these were not
explored further. Plants treated with SY1142A showed less visual wilting and leaf yellowing
compared to pathogen-treated plants (Figure 3B). Cross sections of roots from SY1142A-treated
plants showed minor signs of root discoloration but no extensive necrosis and no signs of tyloses,
which were clearly observed in pathogen-treated plants (Figure 3B).
In the presence of FOL, SY1142A had no observable impact on plant height, leaf
number, leaf length, root length, and root fresh weight when compared to plants that received the
pathogen only (Table S2). However, plants treated with SY1142A + FOL had marginally
significant increases in root dry weight relative to plants treated with FOL only (Table S2). No
observable impact on plant height, leaf number, leaf length, root length, root fresh and dry
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weight was observed in plants treated with SY1140A, SY1144, and SY1157A in the presence of
FOL when compared to pathogen treated-plants (t-test, P > 0.05, data not shown).

3.5 In vivo colonization of Lactuca sativa
Agarose gel electrophoresis results showed amplification of the fungal ITS and LSU rDNA
region for plants treated with each endophyte and then challenged with FOL (data not shown).
Sequencing results revealed Fusarium oxysporum in seedlings inoculated with FOL and with
endophytes SY1142A and SY1144, but results were inconclusive for plants treated with the other
two endophytes and FOL. The inconclusive results may reflect the high mortality due to heat
stress in those plants, which may have influenced the capacity of our assay to detect undegraded
DNA. A band was observed in the PCR product from the greenhouse water, intended as a
negative control. We did not see any signs of FOL in control plants, suggesting that this was
contamination at the PCR step, not a sign that water in the greenhouse was contaminated.
Overall, our screening provided evidence that treatment with the focal endophyte – SY1142A,
which improved resilience to heat stress, reduced disease severity due to FOL, and resulted in
more extensive root biomass – led to endophytic colonization of L. sativa.

4. DISCUSSION
Fungal endophytes have emerged as major tools for biological control, representing a promising
strategy for controlling and managing plant diseases under a rapidly warming climate (De Silva
et al., 2019). However, little attention has been given to the use of fungal endophytes from
weedy plants that are often considered undesirable. Here, in vitro bioassays reveled the potential
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of L. serriola endophytes SY1140A, SY1142A, SY1144 and SY1157A to inhibit the growth of
FOL (BMP3770) in vitro, with a reduction in colony diameter of the pathogen ranging from
13.3-55%. Our study provides initial evidence of the protective effect of endophyte SY1142A
against heat stress and subsequently against FOL. In these experiments, the capacity of fungal
endophytes from L. serriola to protect L. sativa against thermal stress was only evaluated in
heat-affected plants and no heat-untreated control was included. Thus our study may not fully
capture the potential protective effects of the endophytes. Alternatively, our results could show
that the focal endophyte is only effective in providing control of FOL after heat stress. Even so,
the effect we observed in endophyte-treated plants are consistent with meaningful impacts of
weed-associated fungal endophytes in stressful environments
The findings of our study are similar to those of Zhou et al. (2019), in which
Sordariomycetes sp. reduced Fusarium oxysporum proliferation in soil. In that study, reductive
soil disinfestation (RSD) treatments led to changes in the abundance and composition of fungi in
soil (Zhou et al., 2019), increasing relative abundance of Sordariomycetes sp. and decreasing the
abundance of F. oxysporum. When tested following Lisianthus planting, the incidence of
Fusarium wilt in Sordariomycetes sp. rich soils was significantly decreased, suggesting a
suppressive activity of F. oxysporum proliferation.
The present study focuses only on a single cultivar of L. sativa, and only considered in
vitro and greenhouse experiments. In future work we seek to translate this endophyte-mediated
protection to field conditions and to explore whether inoculation of seeds or misting of leaves
could provide effective protection against heat and FOL. We also are interested in the potential
mechanisms underlying the results presented here. The marginal increase in root dry mass
observed in plants treated with SY1142A and FOL, relative to plants treated with FOL alone,
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suggests modulation of plant phenotypes in a manner that may aid plants in overcoming the dual
climate-change pressures of high heat and increased disease pressure.
Overall, our results demonstrate the potential of a fungal endophyte isolated from a
weedy relative of a cultivated crop to mitigate heat stress and provide protection against an
important pathogen in the cultivated species. Our study highlights that biodiversity collections
from otherwise undesirable plants may provide useful tools for improving stress tolerance of
cultivated plants. In future work, moving from controlled to outdoor environments (De Silva et
al., 2019), and determining the range of environmental conditions under which the selected
endophyte may be beneficial for cultivated lettuce, and ensuring that the endophyte is not
pathogenic under field conditions represent important next steps. Studies of these complex
interactions and assessment of their security in multiple environments will be essential for the
successful development of fungal endophytes as climate adaptation strategies.
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Table 1. Fungal endophytes from roots of Lactuca serriola collected in the vicinity of
Tucson, AZ (USA). Fungal identification was based on amplification of the nuclear ribosomal
internal transcribed spacers (ITS), 5.8S locus, and a portion of the nuclear ribosomal large
subunit (LSU rDNA) via ITS1F/LR3 primers.
Isolate code

Fungal species

Fungal class

SY1140A

Fusarium solani

Sordariomycetes

SY1142A

Biscogniauxia sp.

Sordariomycetes

SY1144

Alternaria sp.

Dothideomycetes

SY1149

Fusarium oxysporum (non-pathogenic)

Sordariomycetes

SY1157A

Fusarium brachygibbosum

Sordariomycetes

SY1494

Aspergillus terreus

Eurotiomycetes
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Table 2. Endophytes from Lactuca serriola inhibited growth of Fusarium oxysporum f. sp.
lactuca (FOL) in dual cultures. Different superscripts indicate significant differences among
endophytes in mean reduction of colony growth. Each t ratio was calculated based upon the
difference between the mean reduction in colony growth of the pathogen and the control and
variation within the sample set. DF = degrees of freedom. Significant P-values are indicated in
bold.
Endophyte

Mean reduction in
colony growth
(mm)

Reduction in colony
growth relative to the
negative control (%)

t Ratio

DF

P

SY1140A

1.45a

48.3

10.17

3

0.0021

SY1142A

1.08ab

36.0

13.14

4

0.0002

SY1144

0.40b

13.3

2.68

4

0.0551

SY1157A

1.65a

55

6.81

4

0.0024
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FIGURE LEGENDS
Figure 1. (A) Average colonization score of each treatment (endophyte, FOL (BMP3770),
and negative control) on Lactuca sativa root discs (N= 6 plates per fungal group per
treatment). (B) Average colonization score among endophyte treatments on Lactuca sativa root
discs. Box plots represent the 25th, 50th (median, middle line), and 75th percentiles of data
(interquartile range). The error lines (whiskers) represent minima and maxima. Asterisk (*)
indicate significant differences (P < 0.05, Wilcoxon test).

Figure 2. Endophytes of L. serriola reduce mortality of cultivated lettuce to thermal stress
in a greenhouse experiment.

Figure 3. Disease severity. (A) Disease severity observed in Lactuca sativa treated with
SY1142A and FOL (endophyte+pathogen treatment), and FOL (pathogen treatment), under
greenhouse conditions. Asterisk (*) indicate significant differences (P < 0.05, Student t-test).
Disease severity of plants treated with SY1142A and FOL was relatively consistent among
plants. (B) On the top, plants treated with SY1142A (endophyte treatment), SY1142A and FOL
(endophyte+pathogen treatment), and FOL (pathogen treatment). On the bottom, root cross
section of L. sativa inoculated with SY1142A, SY1142A and FOL, and FOL.
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Table S1. Disease severity of Lactuca sativa treated with SY1140A, SY1144, SY1157A and
FOL (endophyte+pathogen treatment), and FOL (pathogen treatment) under greenhouse
conditions. The data are presented as mean and ± SEM (n = 8 biological replicates). Student’s ttest was used to evaluate statistical significance between treatments.
SY1140A+FOL

Disease severity

FOL

Mean

SE

Mean

SE

t Ratio

DF

P value

3.00

0

2.63

0.38

0.93

13

0.3688

-0.44

14

0.6639

-1.26

14

0.2393

FOL

SY1144+FOL
Disease severity

2.38

0.42

2.63

FOL

SY1157A+FOL
Disease severity

2.13

0.35

0.38

2.63

0.38
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Table S2. Phenotypic changes of Lactuca sativa treated with SY1142A and FOL
(endophyte+pathogen treatment), or FOL (pathogen treatment) under greenhouse
conditions. The data are presented as mean and ± SEM (n = 8 biological replicates). Student’s ttest was used to evaluate statistical significance between treatments. There was a marginally
significant increase in root dry weight among plants treated with SY1142A + FOL relative to
those treated only with FOL.
SY1142A+FOL

FOL

Variables

Mean

SE

Mean

SE

t Ratio

DF

P value

Plant height

177.17

4.60

169.23

6.68

-0.98

14

0.3445

Leaf number

17.38

0.41

16.50

0.43

-1.35

12

0.2030

Leaf length

101.60

6.02

105.73

5.60

0.57

13

0.5791

Root length

277.28

22.82

295.28

10.11

1.26

12

0.2330

Root fresh weight 66.75

14.33

47.38

10.02

-1.11

14

0.2866

Root dry weight

6.11

13.11

4.30

-1.98

14

0.0673

27.92
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APPENDIX C: FROM THE CLASSROOM TO THE FARM: A PLANT PATHOLOGY LESSON
PLAN FOR PUERTO RICAN FARMERS

161
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ABSTRACT
Climate change is the biggest threat to agricultural productivity around the world. In Puerto
Rico, pest and disease outbreaks that are driven by climate change threaten farmers’
productivity. Although the effects of these factors on crop production and agricultural
sustainability have been studied, little is known about the educational knowledge and needs of
smallholder farmers in Puerto Rico to cope with existing and increasing pest pressuresin a
changing world. This study evaluates the educational knowledge and needs of farmers in Puerto
Rico regarding the control and management of pests and pathogens in their farms. We
developed a fifteen-question survey to identify and help improve understanding of the main
problems faced by farmers, and the educational interest and needs linked to them. Farmers
identified pest and pathogen control as the primary problem they face, leading to meaningful
economic losses. However, the questionnaire revealed a limited use of Extension agents or
diagnostic laboratories to guide the diagnosis of disease or identification of pests. To address
this gap, we developed a plant pathology lesson plan, which introduces farmers to basic
concepts in plant pathology and disease management via diverse educational activities. We
designed it around theeducational interest and needs of respondent farmers, with the aim of
improving collaboration with Extension agents and educating farmers about resources available
in Puerto Rico. Overall, this lesson plan aims to enhance farmers’ knowledge and adaptive
capacity, and increase accessible education to underrepresented farming communities in Puerto
Rico and around the world.
Keywords: Climate change, plant pathology, education, smallholder farmers.
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1. INTRODUCTION
In the agricultural sector, smallholder farmers, particularly those whose main income centers on
agricultural production, are the most vulnerable and affected by climate change (Altieri &
Koohafkan, 2008; IPCC, 2007; Morton, 2007; Verchot et al., 2007). Increases in temperature and
CO2 can negatively impact agricultural productivity by (1) increasing precipitations leading to
crop failure, flooding, and wind erosion; (2) increasing sea levels reducing crop area in lowlying coastal areas; (3) increasing drought events affecting water availability; (4) changing the
geographical distribution of species impacting species-species interactions; (5) increasing the
abundance and virulence of pathogens leading to outbreaks; and (6) decreasing pollinator’s
biodiversity or inducing floral modification of plants which in turn reduce pollination (DelgadoBaquerizo et al., 2020; Descamps et al., 2018; Huot et al., 2017; Hutchings et al., 2018; Kirwan
& Gedan, 2019; Leng et al., 2019; Li et al., 2019; Rosenzweig et al., 2002; Vasiliev &
Greenwood, 2021; Zhang et al., 2018). Although the effects of climate change vary according to
spatiotemporal patterns and species-level, extreme changes in climate will lead to significant
yield loss in agroecosystems impacting the sustenance and economic income of smallholder
farmers while affecting food security globally (Bastianin et al., 2018; Deressa, 2007;Donatti et
al., 2019; Tito et al., 2018; Zhao et al., 2017).
In Puerto Rico and across the tropics, extreme weather events, including hurricanes and
droughts, are increasingly accompanied by pest and disease outbreaks that together alter
agricultural production (Cilas et al., 2016; Fain et al., 2018; Fain et al., 2020; Gini et al., 2011;
Harvey et al., 2014; Harvey et al., 2018; Rivera, 2019; Shiels et al., 2017; Ziska et al., 2018). For
instance, the incidence and severity of grapevine leaf rust progression caused by Phakopsora
euvitis in Brazil is associated with variability in weather-related variables, including rainfall and
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temperature (Scapin-Buffara et al., 2018). Similarly, the recent Colombian coffee rust epidemic
caused by Hemileia vastatrix has been linked to weather anomalies driven by the El Niño
Southern Oscillation (Avelino et al., 2015; Peña-Q et al., 2016; Silva et al., 2020). Variation in
temperature and rainfall can favor symptom development and increase pathogen populations,
promoting and exacerbating disease development (Avelino et al., 2015; Toniutti et al., 2017).
Moreover, in many cases, existing or historic approaches for the control of these phytopathogens
are no longer reliable. This is the case of azoxystrobin resistance in Phytophthora infestans,
where temperature variations lead to phenotypic and genotypic variations driving azoxystrobin
resistance in the pathogen (Lurwanu et al., 2020). Thus, there is a need to update these
agricultural practices and develop mitigation and adaptation strategies to minimize the impacts of
climate change on food production by smallholder farmers, including those in Puerto Rico.
Puerto Rico counts with 8,230 farms and a total of 197,395 hectare (ha) as reported by
the latest agricultural census (USDA, 2020a). Following the devastation of Hurricane Maria, the
locations of farms were categorized into 8 regions comprising 78 municipalities (USDA, 2020a).
This was a deviation from the previous census, which reflected a more accurate understanding of
farmers' demographics through the report of data by municipality. Region-categorized census
data reported the highest number of farms occurring in Utuado (mountainous central area; 1,553
farms), Lares (central-western area; 1,362 farms), and Caguas (central mountain range; 1,157
farms) (USDA, 2020a). Smallholder or family farms account for 84% of all farms in Puerto Rico
while 16% represent corporate or partnership farms (USDA, 2020a). These farms support
approximately six thousand people with sustenance and work, with many additional farms
providing nutritional improvement and support for families. Of these 8,230, 94% (7,753 farms
and 379,374 acres) are considered cropland farms (land devoted to the production of agricultural
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crops) (USDA, 2020a). Nonetheless, only 3,877 farms produced crops for sales, with a
production of ± 653,418 hundredweight (cwt) and an estimated impact of $242,419,442 (USDA,
2020a). The remaining farms use croplands for pasture and grazing, soil improvement purposes,
or cover crops.
In 2012, Puerto Rico had approximately 13,159 farms, which corresponds to a 37.5%
reduction when compared to the most recent census (USDA, 2020a). Reduction of farms has
been associated with the strong impacts of Hurricane Maria on the island smallholder farmers
community (Rivera, 2019; Rodriguez-Cruz & Niles, 2021). Damage caused by Hurricane Maria
in the agricultural sector was estimated to exceed $2 billion (e.g., Rodriguez-Cruz & Niles,
2021), impacting the farms’ ability to recover and leaving hundreds of family farms in economic
crisis. In addition to damage from such cataclysmic storms, there is generally a perception that
emerging or increasing pest pressure and disease threatens the survival, profitability, and
production of small farms (Vurro et al., 2010). Despite knowledge of these challenges,
information about the educational knowledge or needs of typical farmers in Puerto Rico is not
easily accessible or available to the general public. Extension agents in the Agricultural
Extension Service in Puerto Rico work directly with farmers in their respective towns to
officially survey needs twice a year, as well as unofficially evaluate needs throughout the year
through direct meetings with farmers. However, given the sensitive nature of this information, as
well as the wide variety of needs on the island, streamlining these into an open access
publication is challenging. Thus, there is a need to create open access publishing, and the funding
and personnel it involves, between researchers outside of the University of Puerto Rico (UPR)
system and UPR Extension to facilitate collaboration. Overall, further understanding educational
knowledge or needs and providing an open access publication can aid in the development of
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adaptation and management strategies for Puerto Rican farmers, especially given their
geographic location and environmental exposures.
We assessed the educational knowledge and needs of Puerto Rican farmers with a focus
on the impacts, control, and management of pests and pathogens in the field. We divided the
study into two phases (Figure 1). In phase 1, we assessed the needs and knowledge of farmers in
Puerto Rico regarding pest and disease management. In phase 2, we used the information from
Phase 1 to develop and customize a plant pathology lesson plan for Puerto Rican farmers, which
will be implemented and assessed following the relaxation of COVID-19 limitations on travel
and interactions. Our primary goals are to (1) enhance Puerto Rican farmers’ knowledge and
adaptive capacity; (2) increase accessible education for underrepresented farming communities
on alternative adaptation and management strategies; (3) increase farmers’ connections, as well
as researchers outside of the UPR system, with Extension agents and programs; and (4) provide
Extension agents and interested institutions with open access to educational materials. Here we
describe the components of a plant pathology lesson plan, and provide open access to
educational materials, activities, and assessment practices.

2. METHODS

Survey development and distribution. A short survey was used to gather information from Puerto
Rican farmers about the main problems faced in their farms, with a focus on plant diseases and
disease management. Permission to administer the survey was obtained via an Institutional Review
Board responsible for human subjects research at The University of Arizona (IRB number:
2103612922).
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The survey consisted of fifteen questions, including twelve multiple choice questions (one
“select all that apply”) and three short answer entries. The questions addressed (1) demographics;
(2) main problems faced in the farm; (3) losses due to plant pathogens; (4) diagnosing procedures;
(5) knowledge about a local plant diagnostic lab and desire for one; and (6) educational interest
for topics in plant pathology and control practices (Table 1). The survey was circulated to the
Department of Agriculture of Puerto Rico, and Extension agents in Puerto Rico via email, and
distributed to the farmers in Spanish. Responses were kept anonymous and recorded digitally
through Google Forms. The information collected was used in the development of the plant
pathology lesson plan.

3. RESULTS

Phase 1. Survey
Demographics. The survey was administered to 211 farmers from Puerto Rico. A total of 29
farmers from Puerto Rico completed the survey (13.74% response rate). One individual was
dropped from further analysis as the individual left approximately half of the survey incomplete.
Of the 28 farmers, 13 individuals (38.9%) identified as male and 15 individuals as female
(61.1%) (Figure 2A). This was a deviation from the demographics reported at the previous census,
which reflected 89% of farmers identifying as male and 11% as females (USDA, 2020a). The age
range of individuals was diverse (Figure 2B). The highest degree achieved by individuals was a
Bachelor's degree (51.3%) followed by a Masters or Ph.D. (32.8%),High School Diploma (13.0%),
Non-degree Certificate (1.9%), or Technical degree (1.1%) (Figure 2C). Overall, 55.3% of
individuals identified agriculture as their main occupation and source of income, while 44.7%
identified it as their secondary occupation (Figure 2D).
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Individuals having agriculture as their secondary occupation and source of income reported a diverse
range of primaryoccupations, such as secretary and IT specialist (Table 2).

Plant pathology problems and diagnosis. A total of 37 crops were reported by farmers. Crops
reported were divided into 5 categories: (1) Vegetables; (2) Fruits; (3) Beans; (4) Herbs; and (5)
Others. Of the 5 categories, vegetables were most frequently produced by farmers in Puerto Rico
followed by fruits (Figure 3A). The top two vegetables produced by farmers were sweet potatoes
and cassava, while for fruit bell peppers and plantains were the most reported (S. Table 1 and 2).
These broad crop categories were selected to simplify crop classification. Crops may be classified
differently according to the institution, Extension agent, or region. For instance, plantains can be
classified as farinaceous crops.
When asked to classify the main problem they faced in their farms, farmers reported
pathogen and pest control most frequently (Figure 3B). Furthermore, weed control, crop
marketing, and employee availability were reported as top problems experienced by farmers
(Figure 3B). When asked if they have experienced monetary losses due to pests and pathogens,
67.7% of individuals reported experiencing losses, 25.1% reported no losses, and 7.1% reported
uncertainty (Figure 4A). Of the individuals experiencing monetary losses, 88.9% reported a loss
of $1,000-$5,000 annually (Figure 4B). Lastly, 85.4% of individuals indicated diagnosing diseases
themselves, 13.0% working in collaboration with Extension agents, and 1.6% reported sending the
samples to a diagnostic laboratory (Figure 4C).
Local plant diagnostic lab. Most individuals (83.1%) reported not knowing of a reference
laboratory for the detection of pests and pathogens (S. Figure 1A). When farmers were asked if they
wanted one, independent of their previous answer, 86% reported the desire for one (S. Figure1B).
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Educational interest. To investigate the willingness of farmers to participate in educational
workshops, individuals were asked to detail their interest in participating in free workshops focused
on techniques for detecting and managing diseases in crops. All 28 farmers (100%) reported being
interested in participating in educational workshops. Via short-answer entry, individuals were asked
to indicate the topics they were interested in learning. Most participants focused on topics related to
the control and management of pests and pathogens, with some individuals reporting additional
interests (Table 3; not representative of all individuals as some entries were left blank).

Phase 2. Lesson Plan Development
In response to the survey, we developed a lesson plan for Puerto Rican farmers focused on the
management/control of plant diseases in the field.

Purpose and timeline of lesson plan. The primary goal of the lesson plan is for participants to
master the basic concepts of plant pathology and apply the knowledge gained into real-life
situations, while increasing collaboration with peers, scientific experts, and Extension agents. The
lesson plan is designed to be completed in three workshops of approximately 2-3hrs each.
Suggested adaptations to the timeline are detailed later in this publication (see Conclusion,
Potential adaptation section).
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Participants’ learning objectives. The lesson plan centers on seven learning objectives. These
objectives focus on addressing the basics of plant pathology, characterization of disease, and
control and management practices. At the end of the workshops, farmers will be able to:
a. Define plant pathology and its importance.
b. List the major components of the disease triangle.
c. Distinguish between signs and symptoms of disease.
4- Categorize main factors causing disease in plants.
5- Describe disease in tropical crops.
6- Discuss basic approaches for the control of plant disease.
7- Apply understanding of control practices by proposing strategies to manage disease.

Content, activities, and assessment of workshops. The lesson plan consists of three workshops:
(a) Foundations of plant pathology; (b) Disease in tropical crops; (c) Control practices. Workshop
I covers three topics: (a) Introduction to plant pathology, (b) Signs and symptoms of disease, and
(c) Factors causing disease in plants. Workshop II covers two topics: (a) Diseases in tropical
vegetables, and (b) Diseases in tropical fruits. Workshop III covers the main methods for the
control of plant pathogens. A table detailing the content, timeline, and activities associated with
each workshop can be found in Supplementary File 1. Below we outline the development of the
plant pathology lesson plan, including content, activities, and assessments, with respect to the
learning objectives outlined above. Suggested adaptations to the content are detailed later in this
publication

A. Workshop 1: Foundations of plant pathology
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The goal of the Foundations of plant pathology workshop is to build a foundational knowledge
base on plant pathology for participants. This workshop is divided into three sessions covering
three topics: (a) Introduction to plant pathology, (b) Signs and symptoms of disease, and (c) Factors
causing disease in plants. Each session contains its lesson plan and related activities.

Session 1: Introduction to plant pathology

In this session the basic concepts of plant pathology are taught through the alternation of shortlecture presentations and hand-on activities. This workshop goes over the foundations and history
of plant pathology and its importance, and the concepts behind the disease triangle and its
limitations. A detailed lesson plan and related activities is in Supplementary File 2.
First, a K-W-L chart (K- what I know at this moment about the topic, W- what I want to
know about the topic, L- what I learned about the topic) will be distributed to participants to
evaluate prior understanding, and then to assess learning following participation in the workshop.
Participants will be asked to fill the K and W portion of the K-W-L chart. Following, the instructor
will provide a 40-minute presentation introducing the concepts detailed above. The presentation
will include definitions of each concept, advantages and limitations, and clear examples in the
field. Finally, participants will fill the last portion of the K-W-L chart (L portion).
K-W-L, first described by Ogle (1986), is a teaching strategy that aims to facilitate
student’s thinking process through the use of graphic organizers (Rahmawati, 2018). This
assessment strategy is focused on 3 overall goals: (1) explore student’s initial knowledge (K); (2)
develop curiosity (W);; (3) gain knowledge (L) (Rahmawati, 2018). The K-W-L approach is
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effective in increasing students' reading comprehension in a variety of educational stages and
disciplines (Martinez, 2004; Maulida & Gani, 2016; Rahayuningsih, 2014; Rahmawati, 2018;
Sampson, 2002). Moreover, implementation of the K-W-L has shown to: (1) increase students’
reading interest; (2) allow students to have an active and independent role in all stages of their
learning process; (3) strengthen students’ ability to develop new questions and form connections;
(4) enhance students’ attention, participation, and motivation; (5) allow students to self-reflect on
their own learning; (6) model the learning process to the students; (7) help lecturers assess students’
level of understanding, and (8) activate thinking of the topic on students (Martinez, 2004;Maulida
& Gani, 2016; Rahayuningsih, 2014; Rahmawati, 2018; Sampson, 2002). Overall, the K- W-L
strategy is highly versatile, allowing lecturers to modify it according to their educational stages,
overall goals, and content area. It allows lecturers to meet students’ needs while enhancingstudents’
thinking and communication skills. For assessing participants’ learning following the lecture the
K-W-L chart will be complemented with a holistic rubric (Supplementary File 2). A holistic rubric
allows the instructor to assess participants’ improvement as a whole (Mertler, 2000;Bargainnier,
2003).

Session 2: Signs and symptoms of disease

This session introduces the concept of signs and symptoms of plant disease. It goes over the
definitions of signs and symptoms of disease, and their differences. Here the instructor uses visuals
to guide participants to visually distinguish the two concepts and put this information intopractice
through Activity #1. For this purpose, the instructor will provide a 30-minute presentation
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followed by 30 minutes directed towards the completion of Activity #1. Activity #1 is focused on
collaborative learning and application.
Collaborative learning is a non-traditional educational approach that involves small groups
of learners working together towards a specific task (Laal & Laal, 2012). This educational
approach has been used in a range of disciplines and fields and poses a number of benefits for
student learning (Laal & Ghodsi, 2012; Laal & Laal, 2012). Through collaborative learning,
learners are responsible for the group success, taking accountability for their learning and
supporting one another (Laal & Laal, 2012). Implementation of collaborative learning has social
and academic benefits, including but not limited to (1) developing a social support system; (2)
practicing cooperation; (3) promoting critical thinking; (4) promoting active participation; (5)
modeling problem solving techniques; and (6) motivating students (Laal & Laal, 2012).
Nonetheless, for this benefit to stand out a structured implementation of this educational approach
is needed. To accomplish this, students need to be aware of their expectations by establishing clear
goals, classroom rules, and modeling proper behavior within peers. Lack of this will result in
unequal individual participation (Johnson et al. 2007). For assessing participants’ learning
following the lecture the S&S sheet will be complemented with a holistic rubric (Supplementary
File 3).

Session 3: Factors causing disease in plants

This session goes over the agents causing diseases in plants. It focuses on infectious agents (fungi,
viruses, bacteria, and nematodes) and non-infectious agents. This session walks through each
group of organisms and their characteristics as infectious agents, and discusses the main non-
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infectious agents associated with disease in plants. Furthermore, it guides participants todistinguish
between diseases caused by infectious and non-infectious agents. Finally, it covers theproper ways
to record data and report information to Extension agents or diagnostic laboratories. For this
purpose, the instructor will provide a 1-hour presentation. A detailed lesson plan is in
Supplementary File 4.

B. Workshop 2: Disease in Tropical Crops

This workshop introduces the concept of diseases in tropical diseases group by host type:
vegetables or fruits. It is divided into two sessions: “Diseases in tropical vegetables” and “Diseases
in tropical fruits”. It walks through the most common diseases in vegetable and fruit tropical crops,
characteristics of the pathogen, common symptoms, and detection methods. These two groups
were selected based on the results of the main crops worked by farmers (Phase 1). A total of 37
crops were submitted by farmers and grouped into five categories (Figure 3). The two main
categories were vegetables and fruits. The top two crops in each category were selected for the
purpose of the lesson plan.

Session 1: Diseases in tropical vegetables

This session discusses the most common diseases in sweet potatoes and cassava, associated
pathogens and their characteristics, common symptoms, and detection methods. A list of diseases
in sweet potatoes that can be used for this workshop can be found in Clark et al. (2015), and a list
of diseases in cassava can be found in Lozano & Nolt (1993). We will focus on the most common
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pathogens of each crop based on studies conducted in Puerto Rico (Table S3 & S4). For sweet
potatoes, we will focus on diseases caused by Meloidogyne incognita (nematode), Cylas
formicarius var. elegantulus (an insect pest), and mosaic viruses (Table S3). We added two fungal
pathogens common to Florida, which has a similar climate to Puerto Rico, Ceratocystis fimbriata
and Fusarium oxysporum f.sp. batatas (Table S3). For cassava, we will focus on Cercospora
caribae (Table S4). For this purpose, the instructor will provide a 40-minute presentation. A
detailed lesson plan is in Supplementary File 5.

Session 2: Diseases in tropical fruit

This session discusses the most common diseases in bell peppers and plantains, associated
pathogens and their characteristics, common symptoms, and detection methods. A list of diseases
in peppers that can be used for this workshop can be found in Lewis Ivey (2015), and a list of
diseases in plantains can be found in Jones (1997). We will focus on the most common pathogens
of each crop based on studies conducted in Puerto Rico (Table S5 & S6). For bell pepper, we will
focus on diseases caused by Leveillula taurca (fungi; Powdery mildew), Xanthomonas campestris
(bacteria), and mosaic viruses (Table S5). For plantains, we will focus on diseases caused by
Mycosphaerella (fungi; Black Sigatoka), and Radopholus similis (nematode) (Table S6). Adetailed
lesson plan is in Supplementary File 5. For this purpose, the instructor will provide a 40-minute
presentation followed by 30 minutes directed towards the completion of Activity #2. An alternative
activity for Activity #2, involving hand-on laboratory exercises and a higher budget, isincluded in
the lesson plan workbook. Instructors should evaluate availability of resources, budget,
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and timeframe to define which activity to implement. Activity #2 and the alternative activity are
based on the principle of experiential learning.
In 1938, John Dewey challenged the traditional beliefs of teaching and learning in the twentieth
century educational system, highlighting the limitations of formal education and promoting the
ideal of learning through experience (Beard, 2018; Beard & Wilson, 2006; Dewey, 1938). Dewey
ideals, among other ancestors of the theory, opened the path for the development and inclusion of
experiential learning in the educational system. The most influential writer on the subject, David
Kolb, defined experiential learning as a process whereby knowledge is created through the
transformation of experience (Kolb, 1984). Experiential learning can be summarized in four stages:
(1) concrete experience; (2) abstract conceptualization; (3) reflective observation; and (4) active
experimentation (Guthrie & Jones, 2012; Kolb, 1984). These stages offer the learner a framework
to link the classroom education with real-world experiences (learning from experience)and enhance
deeper interactions among learners and peers as well as their environment (Beard & Wilson, 2006;
Illeris, 2007).
The application of experiential learning has spread across a broad range of educational
practices and fields (Beard, 2018; Chan, 2012; Gilin & Young, 2009; Girvan et al., 2016; Konak
et al., 2014; Koponen et al., 2012), including extension education. Extension education focuses on
two goals: (1) developing practical application of research knowledge, and (2) giving instruction
and practical demonstration of existing or improved practices in agriculture (Torock, 2009; USDA;
2008). These goals demonstrate the foundational component and philosophy of experiential
learning in extension education and highlight the importance of practical learning in this field
(Baker et al., 2012; Roberts, 2006). This non-traditional educational approach provides multiple
benefits, including awareness and application of a particular topic and its practical component, and

177

increases in learning competency, engagement, and interest (Beckmen, 2012; Chan, 2012; Gilin
& Young, 2009; Girvan et al., 2016; Konak et al., 2014; Koponen et al., 2012; Manolis et al.,
2013).
During this experiential learning activity (Activity #2), participants will be assessed based
on their process and on their final outcome. Assessment during their process will rely on one-onone assessment and feedback with the instructors. The final outcome will be assessed via a
checklist (Supplementary File 6). The use of checklists as an assessment practice has been
implemented in most educational levels and have been shown to be highly effective for assessing
students' learning and/or allow students to conduct self-assessments (Suskie, 2018). Because we
are determining whether a specific criterion has been met, checklists are an appropriate
implementation (Moskal, 2000).

C. Workshop 3: Control practices

The goal of this workshop is to introduce the concept of control and management practices for
plant diseases. The workshop is designed to be completed in one session.

Session 1: Control practices

The workshop begins with a session entitled “Control and Management Practices for Plant
Disease”. This 2-hour workshop walks through the different types of control practices (biological
control, chemical control, cultural control, and physical control), their differences, uses,
advantages and limitations. The first hour is dedicated to the introduction of biological, chemical,
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cultural, and physical control practices. The instructor will provide definitions, advantages and
disadvantages, and mode of action for each control practice. The second hour is dedicated to the
completion of Activity #3.
For Activity #3, participants will be asked to develop a concept map of one challenge they
experience in their farms, related to plant diseases, and what practices they could implement to
control it. Because development of concept maps can be daunting for some individuals, we will
incorporate a “Fill-in-the-map” template. Once the concept maps are finished, participants will be
paired with an Extension agent that will be recruited prior to the workshop. They will discuss the
concept maps with the Extension agent while receiving feedback. If enough Extension agents are
not available for this activity, the farmers will be paired in groups and asked to discuss what they
learned with each other implementing collaborative learning. A detailed lesson plan is in
Supplementary File 7.
Concept maps, originally developed as a research technique, are one of multiple teaching
strategies used to assess students’ knowledge by building associations and interconnections of
concepts and terms through the use of visuals (Croasdell et al., 2003). The application of concept
maps in the educational system is built on two cognitive theories: (1) Ausubel’s Assimilation
Theory, which states that new information is processed and ordered in a hierarchical level; and (2)
Deese’s Associationist Theory, which states that memory consists of a network of concepts
(Croasdell et al., 2003). The development of concept maps depends not only on the theory behind
but also on the overall goals of the assessment and the topic in question. Overall, the use of concept
maps allows students to think holistically and develop associations and applications rather than
focus on memorization of concepts (Vanides et al., 2005). It allows lecturers to examine students’
understanding by observing the complexity of the map. Nonetheless, adequate assessment of
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students’ learning via concept maps requires the incorporation of a valid measure or scoring
criteria. To date, a variety of scoring techniques have been applied to concept maps (Maker &
Zimmerman, 2020; Ruiz-Primo, 2000; Van Zele et al., 2004; Zimmerman et al., 2011). For the
purpose of this activity, a cross link scoring rubric will be adapted and incorporated for scoring the
concept maps. The use of concept maps allows students to: (1) see the big picture of what theyare
learning; (2) organize and interconnect concepts; and (3) represent their learning graphically
(Vanides et al. 2005).

4. CONCLUSION
Puerto Rico’s agriculture is important for the island, both culturally and economically (Bergad,
1978; Setrini, 2012). With approximately 3,877 cropland farms and 153,527 ha under cultivation,
Puerto Rico is distinguished by the diversity of crops produced (USDA, 2020a). Puerto Rican
farmers are faced with significant challenges, including losses associated with plant diseases. The
purpose of this study was to assess the needs and knowledge of farmers in Puerto Rico regarding
the control and management of pests and pathogens in the field in order to customize educational
workshops that fit their needs. Our results demonstrate the control of pests and pathogens as the
primary problem faced by Puerto Rican farmers who participated in the survey, leading to
significant economic losses annually. In addition, this study documents a limited knowledge of, or
history of interacting with, Extension agents or diagnostic laboratories for farmers who
participated in this study. Despite the availability of Plant Diagnostic Labs in the island and related
resources, such as the National Plant Diagnostic Network and the Plant Pathology Lab at the
Agricultural Experiment Station of the University of Puerto Rico Mayagüez (RUM), there is
limited awareness among the farmers who participated in the survey. The resulting lesson plan
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aims not only to improve comprehension of plant pathology and related concepts in Puerto Rican
farmers, but to foster collaboration with Extension agents and orient farmers about available
resources. In general, the Puerto Rican agricultural community places high value on participation
in educational workshops. Therefore, this lesson plan represents a vital resource that can be used
to create access to the training and education of the Puerto Rican agricultural community.

Limitations. Several limitations in this study should be considered. For instance, only 28 farmers
out of 379,374 cropland farms completed the survey. This represents less than 1% of the farmer
population in Puerto Rico. Hence, responses collected may not fully capture or could
underestimate the needs of the Puerto Rican community. Future research should seek to obtain a
larger sample size in order to resolve this. Secondly, questions addressing the region or location
of farms were not addressed in the survey. It is possible that the results obtained in this study may
represent a population from the same region instead of a diverse population across Puerto Rico.
Nonetheless, the results obtained provide us a framework for creating our lesson plan.

Related programs. Diverse Extension-related education programs have been successfully
implemented in Puerto Rico (Plaza, 2013; SARE, 2020; USDA, 2020b). These programs are
designed to train farmers in diverse topics in agricultural sciences, including many developed by
the Puerto Rico Agriculture Extension Service at the RUM. For instance, the Extension Master
Gardener program is a 12-module certified program focused on educating individuals on the best
practices for gardening of non-commercial crops (USDA, 2020b). The program introduces topics
related to plant anatomy, plant pathology, and wildlife management, and provides hand-on practice
and implementation for volunteers. Similarly, researchers at the RUM, sponsored by the National
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Institute of Food and Agriculture, developed a project aimed towards training farmers in the
prevention and mitigation of food safety threats (Plaza, 2013). Currently, cooperative Extension
agents at the University of Puerto Rico Utuado, funded by the Southern Sustainable Agriculture
Research and Education, are developing a guide to assist Puerto Rican in agroforestry practices
(SARE, 2020).
Moreover, educational services in agriculture in the island expand beyond certification
programs for farmers. For instance, the Puerto Rico Agriculture Extension Service at the RUM has
multiple initiatives that foment training and outreach in the Puerto Rican community, including:
(1) “Revista de Servicio de Extensión Agrícola” (SEA), an agricultural newsletter; (2) “Extension
Virtual: Educando ante la pandemia COVID19 ”, a project that focus on extending Extension
services virtually after the COVID19 pandemic; and (3) 4-H Honey Bee Challenge, a project that
educates children (ages 4-18) about the importance and role of pollinators in food production
(Prensa RUM, 2020; SEA, n.d.a; SEA, n.d.b) . Each represents an initiative to increase accessible
education and promote best practices for the Puerto Rican community. However, no open access
lesson plans appear to center completely on plant pathology.

Potential adaptation. This lesson plan is designed to be completed in three workshops, each
ranging from 2-hour to 3-hour. However, Extension agents or instructors can opt to adjust the
lesson plan timeline for full- or half-day schedules, allowing for fewer workshops and less time
commitment from participants. Moreover, each module can be broken down and implemented
individually, as needed given the foundational knowledge of participants. Even though every
activity and assessment can be modified to best fit the needs and overall goals of the Extension
agent, instructor, or program, it is important that leaders learn about the main crops produced by
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participants and their diseases, as well as educational interests, before implementing the lesson
plan. The lesson plan described above focuses on the most common diseases affecting the crops
selected by surveyed farmers. Nonetheless, leaders should keep in mind that inclusion of multiple
diseases in one presentation or workshop may potentially lead to the loss of participants’ attention
and interest. For best results, the lesson plan should be modified to reflect the target group interest
and crop production, with particular emphasis on workshop two. Additionally, leaders are
encouraged to add visual aids and guides in the PowerPoint presentations, with particular emphasis
on workshop #2 presentations. For specific information regarding crop production and disease
pressure in each region, leaders are encouraged to contact the Puerto Rico Agriculture Extension
Service at the RUM. Each presentation includes a glossary to define technical terms, and it is the
responsibility of the leader to explain these concepts or modify the presentation to better reflect
the educational background of the participants. An extra presentation, titled “Resources for
Farmers”, is included in this lesson plan. This presentation includes information on Extensionrelated services available to the Puerto Rican farmer community. Leaders should adapt the
presentation to reflect their services and location and evaluate where is most appropriate to
incorporate it. To facilitate the adaptation of the lesson plan and contribute to increasing accessible
education, we have provided open access to all the educational materials used in the lesson plan
(Supplementary File 8). To extend the impact beyond the Puerto Rican community, we are
incorporating a template of Spanish- and English-language for diverse learners across the US,
Latin America, and beyond.

Future directions. In the future we aim to implement the lesson plan as part of an Extension
education program held for underrepresented agricultural communities, including those in Puerto
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Rico. Our aim is to evaluate the effectiveness and impact of the lesson plan on increasing
knowledge and skills of farmers in the subject matter. For this purpose, we have designed two
practices (to implement if the program runs). The first practice is aimed at evaluating the
effectiveness of the course design and curriculum development pre-implementation using two
different methodologies, the Delphi method and a focus group. The Delphi method is a method for
the collection of opinions, usually through online questionnaires, that seeks consensus from experts
to guide future decision making about a particular topic or problem (Obrien, 1978; De Villiers et
al., 2005). In turn, focus groups are a research strategy that uses group interactions to collect data
of a particular subject (Fife, 2007). The second practice is aimed at evaluating the effectiveness of
the course design and teaching practices post-implementation using a Likert scale survey. The
Likert-type scale is a strategy used to measure people’s attitudes through the use of declarative
statements linked to an agreement rating scale; typically five statements (“strongly agree”, “agree”,
“undecided”, “disagree”, “strongly disagree”) (Arnold, 1967). The Delphi methodand focus group
will seek feedback from a group of experts (plant pathologists, Extension agent, and farmers),
while the Likert scale survey will seek feedback from participants. The combination of these
methods will allow for a more in-depth discussion, clarity, and evaluation of the lesson plan by
experts and participants, and will help to better understand what changes to implement inorder to
improve the overall experience.
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Table 1. Survey questions distributed to farmers.
Number

Question

Format and answers

1

Specify sex

Multiple choice - select one option
a. Female
b. Male
c. Prefer not to specify

2

Specify age

Multiple choice - select one option
a. 20-29
b. 30-39
c. 40-49
d. 50-59
e. 60-69
f. 70-79
g. 80-80

3

Specify highest degree achieved

Multiple choice - select one option
a. Elementary School
b. High School
c. Bachelor’s
d. Master’s/Ph.D.
e. Certificate
f. Technical Degree

4

Are you Puerto Rican?

Multiple choice - select one option
a. Yes, I am Puerto Rican and
live in Puerto Rico
b. No, but I live in Puerto Rico

5

Is agriculture your main profession? Multiple choice - select one option
a. Yes
b. No, but I work in the field as
a secondary source of
income

6

If you answer no to the question
above, what is it?

Short answer entry

7

What is the main problem you face
on the farm?

Multiple choice - select all that apply
a. Pest and pathogen Control
b. Soil management
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c.
d.
e.
f.
g.

Crop marketing
Weed control
Irrigation
Funding
Employees

8

What crops do you work with on
your farm?

Short answer entry

9

Have you experienced monetary
losses due to pests and pathogens in
your field?

Multiple choice - select one option
a. Yes
b. No
c. Not sure

10

If you answer yes to the question
above, how much do you estimate
annually?

Multiple choice - select one option
a. $1,000-5,000
b. $5,000-10,000
c. > $10,000

11

Who detects diseases caused by
pathogens and pests in your field?

Multiple choice - select one option
a. Me (Farmer)
b. I send samples to a
Diagnostic Lab
c. Extension Agent or
Specialist

12

Do you know or have a reference
laboratory for the detection of pests
and pathogens free of charge in
Puerto Rico?

Multiple choice - select one option
a. Yes
b. No
c. Yes, but not free

13

If you answer no to the question
above, would you like one?

Multiple choice - select one option
a. Yes
b. No

14

Would you like to participate in free Multiple choice - select one option
workshops focused on techniques
a. Yes
for detecting and managing diseases
b. No
in crops?

15

If you answer yes to the question
above, what topics would you like
to learn?

Short answer entry
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Table 2. Primary occupation of individuals having agriculture as their secondary occupation.
Occupation

Number of individuals

Secretary

3

Administrative officer

2

Counselor

1

Credit consultant

1

Educator

1

Engineer

1

Fisherman

1

Housewife

1

IT specialist

1

Tinsmith

1
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Table 3. Topic listed by farmers for educational workshops.
Topic

Category

Leaf miner

Pathogen and pest control

Black sigatoka

Pathogen and pest control

How to make and use compost

Compost Development

Agroecological control practices

Pathogen and pest control

Plant disease in Puerto Rico

Pathogen and pest control

Use of organic pesticides

Pathogen and pest control

Crop rotation

Crop management, Pathogen and pest control

Use of biological control

Pathogen and pest control

Development of meristematic tissue

Plant Anatomy and Development

Financial aid for independent farmers

Financial aid

Infectious agents

Pathogen and pest control

Prevention and management of plant disease

Pathogen and pest control

Disease caused by fungi and pest

Pathogen and pest control

Use of bioinsecticides

Pathogen and pest control

Use of AM Fungi as biological control

Pathogen and pest control

Diseases in ¨Culantro/Recao¨

Pathogen and pest control

Plant disease detection

Pathogen and pest control
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FIGURE LEGENDS
Figure 1. Schematic diagram for the study design. Above, the creation and distribution ofan
online survey to assess the needs and knowledge of farmers in Puerto Rico regarding the control
and management of pests and pathogens in the field (Phase 1). Below, the development process of
a lesson plan for Puerto Rican farmers and interested institutions based on data collected on the
survey (Phase 2). Created in BioRender.com

Figure 2. Farmers’ demographics. A) Sex. B) Age Range. C) Highest degree achieved by farmers.
D) Employment status (Is agriculture your main profession?).

Figure 3. Crops produced by farmers and problems experienced in their fields. (A)
Cropsproduced. (B) Main problems faced in the farm.

Figure 4. Losses due to pest and pathogens, and diagnostic procedures. (A) Percentage of
farmers experiencing losses due to pest and pathogens. (B) Annual monetary losses experienced
by farmers. (C) Capacity performing the detection of plant disease in the field.
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FIGURE 1

Phase 1

Demographics

Educational
interest

Farm
practices

Phase
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FIGURE 2

A)

4.8%

B)
38.9%

13.0%

17.5%

61.1%
20.9%
26.7%
17.2%
Female

20-29

Male

C)

1.1%

30-39

40-49

50-59

60-69

70-79

D)
44.7%

32.8%
51.3%

55.3%

13.0%
1.9%
Bachelors

Certificate

Masters/Ph.D.

High School

No

Yes

Technical Degree
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FIGURE 3
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FIGURE 4

A)

B)

7.1%

9.4%

1.8%

25.1%

67.7%

88.9%

Not sure

No
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C)
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Diagnostic lab
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SUPPLEMENTARY INFORMATION
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Table S1. Vegetable Crops. Frequency of vegetable crops cultivated by PuertoRican
farmers in this survey.

Crop

Frequency

Sweet Potato

7

Cassava

6

Lettuce

5

Yam

4

Kale

3

Yautia

3

Carrot

1

Celery

1

Okra

1

Onion

1

Taro

1

Spinach

1
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Table S2. Fruit Crops. Frequency of fruit crops cultivated by Puerto Rican farmersin this
survey.

Crop

Frequency

Plantains

9

Bell Pepper

7

Sweet Pepper

6

Banana

4

Eggplant

3

Papaya

3

Passion Fruit

3

Pumpkin

3

Avocado

2

Melon

2

Breadfruit

1

Guava

1

Lemon

1

Pineapple

1

Pitahaya

1

Soursop

1

Strawberry

1

Tomato

1
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Table S3. Studies conducted in Puerto Rico on diseases of sweet potato.
Disease agent
Meloidogyne incognita

Type of agent
Nematode

Mosaic viruses

Viruses

Cylas formicarius
var. elegantulus

Insect pest

Ceratocystis fimbriata

Fungi

Reference study
Ayala et al. (1982)
Olabiyi (2007)
Alconero (19710
Adusar (1955)
Adusar (1960)
Cabrera et al. (1990)
Cabrera et al. (1990)
Cabrera (2008)
Weber (1930)

Fusarium oxysporum
f.sp. batatas
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Table S4. Studies conducted in Puerto Rico on diseases of cassava.
Disease agent
Cercospora caribae

Type of agent
Fungi

Reference study
Cárdenas & Vázquez (1990)
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Table S5. Studies conducted in Puerto Rico on diseases of bell peppers.
Disease agent
Leveillula taurica (Powdery mildew)

Type of agent
Fungal

Xanthomonas campestris

Bacteria

Mosaic viruses

Viruses

Reference study
Negrón et al. (1988)
Rosa-Márquez & Furnaris-Rullan (2003)
Ruiz et al. (1992)
Zapata (1995)
Zapata (2002)
Adusar (1971)
Escudero (1996)
Pérez et al. (1974)
Rosa (2005)
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Table S6. Studies conducted in Puerto Rico on diseases of plantains.
Disease agent
Mycosphaerella fijiensis
(Black sigatoka)

Radopholus similis

Type of agent
Fungal

Nematode

Reference study
Alamo et al. (2007)
Avilés-Noriega (2021)
Cortés et al. (2009)
Diaz (2006)
Evans & Alamo (2008)
Goenaga et al. (2019)
Gonzalez (2009)
Gonzalez-Velez (2014)
Irish et al. (2006)
Irish et al. (2013)
Irish et al. (2019)
Ortiz et al. (2019)
Ayala & Roman (1963)
Conce-Conce (2016)
Roman et al. (1973)
Roman et al. (1982)
Ormas & Roman (1980)
Rubiano-Rodriguez (2000)
Bird et al. (1964)
Cook (1936)
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Figure S1. Local plant diagnostic laboratory. (A) Knowledge about local plant diagnostic
laboratories; Percentages represent farmers with (Yes) or without (No) knowledge of a reference
lab. (B) Desire of a local plant diagnostic laboratory. Percentages represent farmers with (Yes)
the desireof a local plant diagnostic laboratory or farmers that did not provide an answer (No
answer).

A)

Yes

No

B)

No answer

Yes
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Supplementary File 1.
Content

Timeline

Activity

1

40 min*

K-W-L chart

Signs and symptoms of plant disease

2

1-hr*

Activity #1

Factors causing disease in plants

3

1-hr

No Activity

1

40 min*

No Activity

2

1-hr 10 min

Activity #2

1

2-hrs

Activity #3

Introduction to plant pathology

Diseases in tropical vegetables

Workshop Session
1

2

Diseases in tropical fruits
Control practices

3

*10-minute break between that session and the next.
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Supplementary File 2.

Workshop 1: Introduction to Plant Pathology
Created by: Nicole Colon

Activity: K-W-L CHART
Session: 1

Audience: Farmer Participants

INTRODUCTION/MODULE DESCRIPTION

This module introduces the basic concepts of plant pathology: what it is and its importance in the
agricultural field. It will go over the foundations and history of plant pathology. Finally, it will cover
the concepts behind the disease triangle and its limitations.
LEARNING OBJECTIVES

Define plant pathology and its importance.
List the major components of the disease triangle.
KEYWORDS

plant pathology, disease, disease triangle
PURPOSE

Expose participants to the concepts of plant pathology and their importance in the field.

DURATION

40 minutes.
MATERIALS

K-W-L Chart, Projector, Laptop, Foundations of Plant Pathology PPT

225

DIRECT INSTRUCTIONS

Introduction: Instructors will present a K-W-L Chart to participants to evaluate prior understanding.
Participants will be asked to complete the K and W portion: K- what I know about the topic, and Wwhat I want to know about the topic. Following, the instructor will provide a 40-minute lecture on the
introduction to plant pathology and related concepts using the Foundations of Plant Pathology PPT.
Development: Instructors will provide definitions of each concept, advantages and limitations, and
clear examples in the field.
Practice: Instructors will ask participants to reflect on what they learned and complete the last
portion of the K-W-L Chart, L- what I learned about the topic.
Closure: Instructors will wrap up concepts learned by providing a graphical summary.
Assessment: Instructors will assess participants’ learning by analyzing the K-W-L chart.

APPLICATIONS

Participants will be asked to fill a K-W-L Chart: K- what I know about the topic, W- what I want
to know about the topic, and L- what I learned about the topic.
ASSESSMENT
K-W-L Chart will be assessed using a holistic rubric (see below).

HOLISTIC RUBRIC
Score

Description

3

Participant shows increased understanding of the concepts when comparing the K and L section.

2

Participant shows partial understanding of the concepts when comparing the K and L section.

1

Participant shows little understanding of the concepts when comparing the K and L section.

0

No response.
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SOURCES

Agrios, G.N. (2005). Introductory Plant Pathology (5th Ed.) Academic Press.
Bargainnier, S. (2003). Fundamentals of Rubrics. Pacific Crest.
https://www.webpages.uidaho.edu/ele/scholars/Practices/Evaluating_Projects/Resources/Using_Rubrics.pdf
Martinez, Y.M. (2004). Does the KWL reading strategy enhance student understanding in an honors high
school science classroom? [Doctoral dissertation, California State University, Fullerton].
Maulida, C.I., and Gani, S.A. (2016). KWL: Strategy on improving reading comprehension. Research in
English and Education Journal, 1, 53-61.
Mertler, C.A. (2000). Designing scoring rubrics for your classroom. Practical Assessment, Research, and
Evaluation, 7, 1-9.
Ogle, D.M. (1986). KWL: A teaching model that develops active reading of expository text. The Reading
Teacher, 39, 564-570.
Rahayuningsih, P.D. (2014). The use of know, want to know, learned (KWL) technique to improve teaching and
learning process. Journal Pendidikan Edutama, 1, 42-50.
Rahmawati, E.Y. (2018). Analysis of students' English reading comprehension through KWL (know-want-learn)
learning strategies. International Journal of Language Teaching and Education, 2, 238-247.
Sampson, M.B. (2002). Confirming a KWL: Considering the source. The Reading Teacher, 55, 528-532.
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Supplementary File 3.

Workshop 1: Signs & Symptoms of Plant Disease
Created by: Nicole Colón
Audience: Farmer Participants

Activity: #1
Session: 2

INTRODUCTION/MODULE DESCRIPTION

This module introduces the basic concepts of signs and symptoms of plant disease. It will go over
the definition of signs and symptoms, and their differences. Through the use of visuals, participants
will be guided to distinguish between the signs and symptoms. Finally, it will
cover the importance of these concepts during disease diagnosis.
LEARNING OBJECTIVES

Distinguish between signs and symptoms of plant disease.
KEYWORDS

plant disease, signs, symptoms
PURPOSE

Expose participants to the difference between signs and symptoms in diseased plants.
DURATION

1 hour.
MATERIALS

Activity #1 Sheets, Projector, Laptop, Foundations of Plant Pathology PPT, White cardboard,
Glue, Markers
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DIRECT INSTRUCTIONS

Introduction: Instructors will provide a 30-minute lecture introducing the concepts of signs and
symptoms of plant disease using the Foundations of Plant Pathology PPT.
Development: Instructors will use visuals of disease plants to illustrate the differences between the
two concepts.
Practice: Instructors will ask participants to complete Activity #1.
Closure: Instructors will wrap up concepts learned by providing a graphical summary.
Assessment: Instructors will assess participants’ learning by analyzing the responses provided in the
Signs and Symptoms (S&S) Sheet.
APPLICATIONS

Participants will be divided into groups. Each group will receive 4 images, S&S Sheet, and a small
white cardboard divided into two segments: signs and symptoms. Groups will classify each image
into one of the two groups and will write the reasoning behind that classification.
ASSESSMENT
S&S Sheet will be assessed using a holistic rubric (see below).
HOLISTIC RUBRIC & HOW TO USE IT
Score

Description

3

Participant shows understanding of the concepts by classifying all images correctly.

2

Participant shows partial understanding of the concepts by classifying some images correctly.

1

Participant shows no understanding of the concepts. All images were classified incorrectly.

0

No response.

1- Assess each S&S Sheet per group.
2- Using the S&S Answer Sheet to compare responses of each group.
3- Score them using the Holistic Rubric (above).
* See example in lesson plan workbook (Supplementary File 8).
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SOURCES

Agrios, G.N. (2005). Introductory Plant Pathology (5th ed.) Academic Press.

Bargainnier, S. (2003). Fundamentals of Rubrics. Pacific Crest.
https://www.webpages.uidaho.edu/ele/scholars/Practices/Evaluating_Projects/Resources/Using_Rubrics.pdf
Mertler, C.A. (2000). Designing scoring rubrics for your classroom. Practical Assessment, Research, and
Evaluation, 7, 1-9.
Riley, M.B., Williamson, M.R., and Maloy, O. (2002). Plant disease diagnosis. The Plant Health Instructor, 10.
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Supplementary File 4.

Workshop 1: Factors Causing Disease In Plants
Created by: Nicole Colón
Audience: Farmer Participants

Activity: NA
Session: 3

INTRODUCTION/MODULE DESCRIPTION

This module introduces the concepts of agents of plant diseases. It will go over diseases caused by
infectious (fungi, virus, bacteria, and nematodes) and non-infectious agents. It will walk through each
group of infectious agents and their characteristics, and describes the most common non-infectiousagents.
Finally, it will cover the proper ways to record data and report it to Extension agents.
LEARNING OBJECTIVES

Categorize main factors causing diseases in plants.
KEYWORDS

plant disease, infectious agents, non-infectious agents
PURPOSE

Expose participants to the factors causing disease in plants.
DURATION

1 hour.
MATERIALS

Activity #2 Sheets, Projector, Laptop, Foundations of Plant Pathology PPT
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DIRECT INSTRUCTIONS

Introduction: Instructors will provide a 1-hour lecture introducing the concepts of agents
ofplant disease using the Foundations of Plant Pathology PPT.
Development: Instructors will provide information on infectious agents and their characteristics,
and the common non-infectious agents associated with plant disease.
Practice: No activity will be conducted.
Closure: Instructors will wrap up concepts learned by providing a graphical summary.
Assessment: No assessment.

APPLICATIONS

No activity will be provided for this workshop.
ASSESSMENT

No assessment.
SOURCES

Agrios, G.N. (2005). Introductory Plant Pathology (5th ed.) Academic Press.
Moskal, B.M. (2000). Scoring rubrics: what, when and how? Practical Assessment, Research, and Evaluation, 7,
1-6.
Suskie, L. (2018). Assessing student learning: a common sense guide. John Wiley & Sons.
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Supplementary File 5.

Workshop 2: Disease in Tropical Crops
Created by: Nicole Colón
Audience: Farmer Participants

Activity: NA
Session: 1

INTRODUCTION/MODULE DESCRIPTION

This module introduces the concepts of plant diseases in tropical vegetable crops. It will go over
the most common diseases in tropical vegetables with a focus on sweet potatoes and cassava. It will
walk through characteristics of the pathogens, common symptoms, and detection methods.
LEARNING OBJECTIVES

Describe diseases in tropical crops.
KEYWORDS

plant disease, diagnosis, detection, infectious agents
PURPOSE

Expose participants to infectious agents causing disease in tropical plants.
DURATION

40 minutes.
MATERIALS

Projector, Laptop, Diseases in Tropical Crops PPT
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DIRECT INSTRUCTIONS

Introduction: Instructors will provide a 40- m i n u t e lecture introducing the concepts of agents
ofplant disease in tropical crops using the Diseases in Tropical Crops PPT.
Development: Instructors will provide information on common infectious agents and how to
detect them.
Practice: Practice will take place as a whole at the end of Workshop 2 - Session 2.
Closure: Instructors will wrap up concepts learned by providing a graphical summary.
Assessment: Instructors will assess participants’ learning as a whole at the end of Workshop 2 Session 2.
APPLICATIONS

Application of these concepts will take place as a whole at the end of Workshop 2 - Session 2.

ASSESSMENT

Assessment of these concepts will take place as a whole at the end of Workshop 2 - Session 2.
SOURCES

Agrios, G.N. (2005). Introductory Plant Pathology (5th ed.) Academic Press.

Moskal, B. M. (2000). Scoring rubrics: what, when and how? Practical Assessment, Research, and Evaluation,
7, 1-6.
Suskie, L. (2018). Assessing student learning: a common sense guide. John Wiley & Sons.
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Supplementary File 6.

Workshop 2: Disease in Tropical Crops
Created by: Nicole Colón
Audience: Farmer Participants

Activity: #2
Session: 2

INTRODUCTION/MODULE DESCRIPTION

This module introduces the concepts of plant diseases in tropical fruit crops. It will go over
the most common diseases in tropical vegetables with a focus on peppers and plantains. It will
walk through characteristics of the pathogens, common symptoms, and detection methods.
LEARNING OBJECTIVES

Describe diseases in tropical crops.
KEYWORDS

plant disease, diagnosis, detection, infectious agents
PURPOSE

Expose participants to infectious agents causing disease in tropical plants.
DURATION

1 hour & 10 minutes.
MATERIALS

Activity #2 Sheets, Projector, Laptop, Diseases in Tropical Crops PPT
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DIRECT INSTRUCTIONS

Introduction: Instructors will provide a 40-minute lecture introducing the concepts of agents of
disease in tropical crops using the Disease in Tropical Crops PPT.
Development: Instructors will provide information on common infectious agents and how to
detect them.
Practice: Instructors will ask participants to complete Activity #2.
Closure: Instructors will wrap up concepts learned by providing a graphical summary.
Assessment: Instructors will assess participants’ learning by analyzing the Report Sheet from
Activity #2.
APPLICATIONS

Participants will be divided into groups. Each group will be provided with a diseased plant. Informationabout
the plant taxonomy, care, and exposure to environmental factors will be provided to each group.
Groups will be asked to ID signs and symptoms on the plant provided. They will be asked to take images that
can help Extension agents process their samples. Once groups are finished, participants will be ask to fill
Activity #2 Report Sheet.
ASSESSMENT

The Report Sheet will be assessed using a checklist (see below).
CHECKLIST & HOW TO USE IT
Checklist number

Description

1

Filled all parts requested.

2

Includes plant ID, care, and location (field).

3

Includes farm practices and information on climatic condition.

4

Includes signs and symptoms present in plant.

5

Includes images of the disease plant in the field and its surrounding.

6

Includes close up images of the signs and symptoms in the plant.

Yes = 1; No = 0

Total =
1- Assess each Rubric Sheet individually.
2- If the description is meet, assign a 1. If not, assign a 0.
3- Calculate the total of description met at the end (eg. 3 out of 6, or 6 out of 6).
*See example in lesson plan workbook (Supplementary File 8).
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SOURCES
Agrios, G.N. (2005). Introductory Plant Pathology (5th ed.) Academic Press.
Mertler, C.A. (2000). Designing scoring rubrics for your classroom. Practical Assessment, Research, and Evaluation, 7,
1-9.
Suskie, L. (2018). Assessing student learning: a common sense guide. John Wiley & Sons.
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Supplementary File 7

Workshop 3: Control Practices
Created by: Nicole Colón
Audience: Farmer Participants

Activity: #3
Session: 1

INTRODUCTION/MODULE DESCRIPTION

This module introduces the concepts of control practices for plant disease. It will go over the
different types of control practices, including biological control, chemical control, cultural control, and
physical control. It will discuss their differences, uses, advantages, and limitations.
LEARNING OBJECTIVES

Discuss basic approaches for the control of plant diseases.
Apply concepts learned.
KEYWORDS

plant disease, control, management
PURPOSE

Expose participants to control practices use to prevent or manage plant diseases in the field.
DURATION

2 hours.
MATERIALS

Activity #3 Sheets, Projector, Laptop, Control Practices PPT
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DIRECT INSTRUCTIONS

Introduction: Instructors will provide a 1- h o u r lecture introducing the best practices for the control
and management of plant diseases using the Control of Practices PPT.
Development: Instructors will provide definitions of each concept, advantages and limitations, mode
of action, and examples of their use in the field.
Practice: Instructors will ask participants to complete Activity #3.
Closure: Instructors will wrap up concepts learned by providing a graphical summary.
Assessment: Instructors will assess participants’ learning by analyzing the concept maps.
APPLICATIONS

Participants will be asked to fill up a concept map with one challenge (related to plant diseases) they
are experiencing in their field and the control practices they can implement. Participants will be then paired
with an Extension agent to discuss their responses and receive feedback.

ASSESSMENT
Concept Maps will be assessed using a cross link scoring rubric (see below).

CROSS LINK SCORING RUBRIC & HOW TO USE IT
Rating Level

Score

Invalid

0

Cross link or connection between terms is incorrect.

Average

2

Cross link or connection between terms is valid, but not meaningful for solving the problem.

Good

4

Cross link or connection between terms is correct.

Description

1- Assess each concept individually.
2- The concept maps are composed of 8 interconnections (4: can ve resolved using; 4: because). When assessing focus
on these.
3- Analyze each interconnection answering two questions:
a. Are participants linking concepts learned in the lectures to their applications in the field?
b. Are the links among concepts, correct?
4- Score each interconnection using the cross-lin k scoring rubric (see
above).
5- Calculate the total score.
* See example in the lesson plan workbook
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Supplementary File 8.
Lesson plan workbook PDF link (English Version) =
https://github.com/ncoloncarrion/FCFLessonPlanEnglish
Lesson plan workbook PDF link (Spanish Version) =
https://github.com/ncoloncarrion/FCFLessonPlanSpanish
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