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ABSTRACT
Grasslands in the western United States face severe environmental threats including those brought
about by climate change, such as changes in precipitation regimes and altered fire cycles; land-use
conversion and development; and the introduction, establishment, and spread of non-native species.
Lehmann’s lovegrass (Eragrostis lehmanniana) was introduced to the southwestern United States
in the early 1900s. Since its introduction, it has become the dominant grass in the mid-elevation
grasslands of southern Arizona, including the Santa Rita Experimental Range (SRER), where it has
displaced native grasses including Arizona cottontop, three awns, and gramas. Like all plants in
terrestrial ecosystems, this grass harbors fungal symbionts that can be important for its
establishment and persistence. This thesis focuses on fungal symbionts of Lehmann’s lovegrass and
has two components. First, the diversity and distributions of endophytes in Lehmann’s lovegrass are
evaluated in the context of biotic and abiotic factors in the SRER. Culturing from roots and shoots
of Lehmann’s lovegrass at points beneath and outside the canopy of native mesquites, which are
encroaching on grasslands over time, provides insight into how a single plant species can exhibit
local variation in the composition of its symbionts. Second, the thesis is used as the basis for
engagement of students in science, technology, engineering, and mathematics (STEM) through the
development and implementation of classroom- and field activities centered on endophytes, which
help high school students address core learning aims while also gaining real research experience.
Engaging students in important questions relevant to their local environment can catalyze interest in
science and help students cross the threshold into research. The contributions of such approaches
with respect to learning not only fulfills key next-generation science standards and common core
objectives, but provides students with a meaningful introduction to the excitement, importance, and
accessibility of science.
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INTRODUCTION

1. Overview and literature review
Biological invasions are increasingly recognized as a common feature of life on earth today.
Defined by the introduction, establishment, and often spread of non-native organisms, biological
invasions can be tremendously costly, both in terms of ecology and economics (Pimentel et al.
2005). In most ecosystems the number of established invasive species grows annually, increasing
financial and ecological costs over time (Vitousek, 1997). Such costs accrue both directly and in
terms of long-term feedbacks that can permanently alter community composition and ecosystem
function (Vitousek, 1997). Pimentel et al. (2005) estimate that in the United States alone, annual
costs associated with invasive species add up to over $150 billion. In parallel, invasive species
often pose threats to human health: the establishment of disease vectors, producers of allergens,
or fire-prone species into new areas can put people at risk of illness and harm (e.g., Benedict et
al., 2007). Understanding the factors that inhibit or facilitate the establishment and spread of
invasive species thus is an important area of research.

1.1. Ecological impacts of invasive species
A growing number of invasive animals are recognized as important in diverse ecosystems
(Lowry et al., 2013, David et al., 2017, Lewis et al. 2017). These include classic examples such
as brown tree snakes in the islands of the Pacific, snakehead fish in the eastern United States,
Burmese pythons in the Everglades, zebra mussels in the Great Lakes, red fire ants in the
southern US, northern crayfish in American waterways, and many others. Many examples also
are known regarding the establishment and spread of non-native microbes and fungi, including
the causal agents of chestnut blight, soybean rust, West Nile encephalitis, sudden oak death, and
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many others (see https://www.invasivespeciesinfo.gov/microbes/main.shtml). However, most
studies of invasive species have focused on plants. Invasive plants can be particularly powerful
in changing ecosystem function, often in short periods of time (Sakai et al., 2001), and thus are
the focus of this thesis.
Invasive plants can alter community structure in marine, aquatic, and terrestrial
ecosystems, where they tend to lower biodiversity and species richness in the areas that they
colonize (Scasta et al., 2015, Vitousek et al., 1997, Wojcik et al., 2001). Invasions by plants can
be especially profound in terms of changing plant community structure, and thus directly and
indirectly impact plant-associated organisms at many trophic levels (e.g., Albrecht et al., 2016).
Although invasive dicots are well known and important, including kudzu, privet, yellow
starthistle, Sahara mustard, and many others (e.g., Andonian et al., 2011), invasive grasses have
some of the widest and most costly impacts on local communities, often with impacts that can
scale up to regional or even global effects (D’Antonio and Vitousek, 1992). A classic example is
Eragrostis lehmanniana (Lehman’s lovegrass). At the local scale, introduction and establishment
of that species in the American southwest has led to a reduction in the number of plant, bird,
rodent, and grasshopper species in invaded locations (Bock et al., 1986). At a regional scale it is
implicated in diverse impacts, including changes in nutrient cycling, hydrologic processes, fire
cycles, and related carbon- and water dynamics (e.g., McGlone and Huenneke, 2004). For
example, Brooks (2002) found that many types of invasive grasses found in the arid
southwestern United States, including Lehmann’s lovegrass, can reestablish faster than native
species after a wildfire, while at the same time making subsequent fires more likely. This
provides a positive feedback loop of establishment of invasive species and loss of native species.
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At times the impacts of invasive plants are augmented by symbionts, which may alter the
establishment success of their hosts, cause disease in native species while aiding their hosts, or
upset the balance of limiting nutrients in ecosystems. For example, Vitousek (1989) describes
Myrica faya, an exotic invasive plant in Hawaii that in conjunction with its fungal symbiont can
dramatically increase the limiting nutrient (nitrogen) in primary successional areas. As such,
invasive plants also can affect soil microbiota directly and indirectly (Rout et al., 2013; Callaway
et al., 2008), hindering the growth of native species through allelopathy or other mechanisms and
facilitating the further spread of invasive plants (Callaway et al., 2008; see also Geisen et al.,
2017).
Such observations are common in diverse terrestrial systems, including the grasslands of
the southwestern US. In some of these grasslands, invasive species such as Lehmann’s lovegrass
have become established efficiently and at large scales in fewer than 100 years since their
introduction. Moran et al. (2009) observed that Lehmann’s lovegrass increases the rate of
evaporation and decreases the rate of water infiltration into the soils of semi-arid areas. Such
effects may reflect both the role of the plant itself, but also the effects of its symbiotic microbes,
such as endophytes.
Endophytes are fungi and bacteria that live within healthy plant tissues such as leaves and
roots (Rodriguez et al., 2009). Endophytes increasingly are appreciated for their importance in
regulating plant physiology, including responses to biotic and abiotic stress (Arnold, 2007).
Understanding the distributions of endophytes associated with invasive plants, and the factors
that influence the structure of these symbioses, is the first step toward understanding how
symbioses may influence invasion success. This is the central theme of this thesis, with a special
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focus on Lehmann’s lovegrass, an invasive species that is established across large areas of the
grasslands of southeastern Arizona.
This thesis was motivated by the observation that although the dramatic effects of
invasive plants such as Lehmann’s lovegrass have been noted by ecologists, and roles of
symbionts in shaping the success of other invasive plants have received some attention, there is a
knowledge gap in the literature with regard to the identity, diversity, and distributions of
symbionts that affiliate with Lehmann’s lovegrass in its introduced range. Thus the goals of this
thesis were (1) to catalogue these aspects of endophyte associations with Lehmann’s lovegrass in
the context of the Santa Rita Experimental Range (SRER) of southeastern Arizona, and (2) to
translate these themes into classroom and field learning modules for students at Sahuarita High
School, located near the SRER and ideal for using it as a natural laboratory. As a prelude to the
research chapter and appendix, I provide information on the major components of this work in
the pages that follow.

1.2. Endophytes
Endophytes are symbiotic bacteria and fungi that reside within plant tissues. They are found
within every tissue type both above and below ground, and have been documented in every plant
species examined so far (Arnold, 2007). Endophytes are classified based on several properties
including the plant tissue that they inhabit (e.g., root or leaf), and their mode of transmission
(i.e., vertical, horizontal, or both; see Rodriguez et al., 2009; Higgins et al., 2014). Endophytes
that colonize plants may have specific host affinity in some conditions, but under other
conditions, such as areas of high biodiversity, may have broad host ranges (Higgins et al., 2014,
U’Ren et al. 2012). As a whole; endophytes encompass a tremendous diversity of fungi and
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bacteria, many of which are new to science and can provide not only benefits to their hosts, but
also metabolites that can be used by humans for medicines and industrial applications (Arnold,
2007).
A multitude of symbiotic interactions take place between endophytes and their associated
plants, most of which have only recently been observed and documented (Rodriguez et al.,
2009). Endophytes can benefit their host plants in many ways including increased ability to
obtain soil nutrients, protection from herbivores and other microbes, and protection from
temperature extremes. Some endophytes influence the production of alkaloids in grasses leading
to the grasses becoming toxic to herbivores thus bestowing resistance to herbivory (Clay, 1988).
The benefit of endophytes in roots, in the context of rhizosphere microbial communities,
is primarily helping plants to obtain nutrients from soil. In turn, soil microbes have a significant
impact on nitrogen available in soils. In arid lands, nitrogen-fixing bacteria – including some that
occur within roots -- can contribute up to 20% of the annual nitrogen taken in by plants (van der
Heijden et al., 2006). Endophytic fungi have been observed to increase the uptake efficiency of
phosphorous as well as enhancing the overall acquisition of phosphorous (Barrow and Osuna,
2002; Khidir et al., 2010). Barrow and Osuna (2002) found that fungal endophytes affiliated with
host roots may be particularly important in arid lands because the extensive network of fungal
hyphae may allow soil nutrients to diffuse into the plant in exceedingly dry soils. Other studies
have shown that endophytes may alter host plant response to drought and other stresses.
Marulanda et al. (2009) speculated that drought tolerance in desert plants could be due to an
interaction of both endophytic bacteria and fungi with their hosts. In that study, bacteria were
found to increase the production of indole-3-acetic acid (IAA) in plant roots, and the fungi
produced extraradical mycelia, both of which could lead to increased water uptake by the plant.
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However, at present little information is available about the endophyte communities associated
with Lehmann's lovegrass.

1.3. The Santa Rita Experimental Range, and Lehmann’s lovegrass
The grasslands of southeastern Arizona are home to a high diversity of native plant and animal
species (McClaran et al., 2003). Throughout the past century, the combination of changes in
climate, suppression of fire, extensive grazing, and introduction of invasive species has led to
major shifts in community structure and ecosystem function in these grassland ecosystems
(McClaran et al., 2003). Areas such as the Santa Rita Experimental Range (SRER) exemplify
these processes, as well as the phenomenon of encroachment by woody shrubs (McClaran et al.,
2003).
The SRER is located ca. 80 km south of Tucson, Arizona, and encompasses an area of
21,000 ha. Elevation of the area ranges from ca. 900 m to 1400 m. Rainfall averages 213 mm in
the summer and 158 mm in the winter (McClaran et al., 2003). The majority of the area is
composed of mesquite-grass savannah which transitions to desert scrub at its lowest elevations
and savannah woodlands at its highest elevations (McClaran et al., 2003).
The SRER is one of the oldest continuously operating rangeland research facilities in the
world. Throughout > 100 years of continuous observation, major vegetation changes have been
observed in the region. Native grasslands have gradually given way to mesquite scrub and
nonnative grasses, primarily Lehmann’s lovegrass, have become established to the point of local
dominance (McClaran et al., 2003).
Since its establishment in 1903, the Santa Rita Experimental range has had a long history
of research. The primary focus of the earliest studies at the range centered mainly on the
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restoration of vegetation (Thornbur, 1910; Griffiths, 1904) and sustainable cattle stocking
(Wooten, 1916). The subsequent decade featured frequent drought and was characterized by
overgrazing. One focus of research in the 1920s was to test a variety of exotic grasses to see
whether they could be useful sources of cattle forage and ground cover. Most of the many
species tested did not successfully establish on the SRER. Lehmann’s lovegrass was one of the
species that did readily establish on the range, and in the interim time it has become the
predominant grass species in the area.
Lehmann’s lovegrass was introduced to the southwestern United States in the early 1900s
for forage and soil stabilization (McClaran et al., 2003). It is a warm season perennial grass
native to South Africa (Uchytil, 1992). From the 1940s through ca. 1980, Lehmann’s lovegrass
was established on more than 70,000 ha of rangelands in the southwestern US. Many of the
resulting populations did not survive, but where successful the species has predominated widely
(Uchytil, 1992). By the late 1980s, the species occupied more than 140,000 ha, primarily in
southeastern Arizona (Uchytil, 1992).
Since its introduction at SRER, Lehmann’s lovegrass has displaced native grasses
including Arizona cottontop, three awns, and gramas (McClaran et al., 2003). Lehmann's
lovegrass is less palatable to livestock and has a lower nutritional value than native grasses,
accentuating its success in these actively grazed lands (McClaran et al., 2003). In general, the
species is valued for use in rangelands because it produces green, edible tissues in winter and
early spring, a time in which native grasses do not do so (Uchytil, 1992).
Long recognized for its capacity to establish in semi-arid areas with sandy soils,
infrequent freezes, and moderate summer rains, Lehmann’s lovegrass is not well characterized
with respect to its affiliation with fungal symbionts. All grasses examined thus far harbor
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bacterial and fungal endophytes, but their diversity in this non-native species has not been
evaluated. It is plausible that as for many species, Lehmann’s lovegrass is abundant and
productive not only due to its own traits, but to the presence of symbionts. In such a context it
might be predicted that if endophytic symbionts are important for the establishment and success
of lovegrass, they might vary in composition as a function of soil nutrient status, water
availability, and other environmental factors. While insufficient to make causal conclusions, this
framework provides the basis for the study of endophytes of Lehmann’s lovegrass through this
thesis. To explore the relevance of local environmental variables I specifically consider the
relevance of sites beneath vs. beyond the span of mesquite canopies, as described below.

1.4. Woody plant encroachment and environmental variability on the SRER
Mesquites (Prosopis spp., particularly P. velutina in southeastern Arizona) are an important
factor affecting soil fertility in semiarid grasslands such as the SRER. They have been found to
create “islands of fertility” where soil nutrients and organic carbon may be found in higher
proportions under the canopy (Steven et al., 2014). The gradual change from grasslands to
mesquite scrub on the SRER, facilitated by dispersal of mesquite seeds by cattle and altered plant
community- and fire dynamics over time, likely has caused the soil conditions to shift from
homogeneous to more heterogenous on the microhabitat scale (Gallardo and Schlesinger, 1992).
The context of woody plant encroachment thus provides an excellent natural laboratory to
compare the endophyte communities of Lehmann’s lovegrass beneath the canopy of these small
trees versus beyond the span of their branches.
Moreover, mesquites provide a highly visible, relatable ‘anchor point’ for engaging
students at the first level in grassland dynamics, as they can be observed easily and students can
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be led straightforwardly to hypotheses regarding soil nutrients and water content. By connecting
students with grasslands via the trees they already know, and helping students understand that
grasslands are dynamic, threatened ecosystems with multiple levels of species interactions
relevant to ecology, students can be engaged in the discovery, interpretation, and application
sides of research. This general framework motivates the second major component of this thesis,
which is the engagement of diverse learners in science, technology, engineering, and
mathematics (STEM) in southern Arizona.

1.5. The need to engage diverse learners in STEM
The United States faces an increasing demand for graduates in STEM fields in order to continue
economic advancement. Between 2004 and 2008 career openings for jobs relying heavily on
science and engineering experienced an annual increase nearly three times the rate of annual
increase for all other jobs (Wang, 2013). Although enrollment in undergraduate science has
increased in the past 10 years, more needs to be done to encourage more students, and more
diverse students, to choose STEM careers.
Participating in authentic science activities can have several benefits for high school
students. One of the main contributing factors for students choosing a career to follow after high
school is the presence of an encouraging adult guiding them towards that career (Aschbacher et
al., 2009). Students often are discouraged from science as a career because they had poor
experiences in science class or they received little encouragement from their parents or teachers
(Aschbacher et al., 2009). In the same study, other students cited lack of opportunities for
extracurricular science activities as contributing to their loss of interest in science. For certain
groups of students, especially females, minorities, and students from low socioeconomic groups,

14

engaging in positive experiences in authentic science and being provided opportunities to interact
with adults who can be role models in science is particularly important. Also, participating in
authentic science activities has been shown to help high school students gain a better
understanding of the nature of science. Burgin and Saddler (2016) found that students who were
given the opportunity to engage in authentic research experience tended to gain a better
understanding of the nature of science if the research was done in conjunction with reflection
opportunities and direct instruction about the nature of science. Thus, a goal of this researchwas
to develop and implement a module for engaging students in STEM-relevant activities and real
research, with a focus on fungal endophytes in the context of dynamic grassland ecology.

2. Aims and content of this thesis
The broad goals of this thesis are to expand knowledge regarding an important invasive species,
Lehmann’s lovegrass, by documenting the diversity and distributions of its endophytic fungal
symbionts at local scales. Specifically, I aim to understand the diversity, composition, and local
geographic structure of culturable endophytes associated with roots and shoots of Lehmann’s
lovegrass as a function of mesquite canopy cover. This work is readily accessible for students at
the high school level, and here I describe my engagement activities to align learning outcomes
and student participation with scientific research in the context of their local ecological
communities.

3. Explanation of thesis format
In Chapter 1 I examine the culturable fungi that occur in the roots and shoots of Lehmann’s
lovegrass at the Santa Rita Experimental Range. There were several goals for this study. The first
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was to document for the first time the endophytes that colonize Lehmann's lovegrass. The second
was to compare communities of endophytes in aboveground versus belowground tissues. The
third was to examine the influence of local environmental factors, in particularly encroachment
by woody plants, on endophyte communities in Lehmann’s lovegrass. This paper is in
preparation such that it could be submitted to the Journal of Arid Environments, Fungal Ecology,
or Madroño.
In Appendix A I describe an endophyte module that I developed in order to help students
engage in the nature of science, learn next-generation science standards relevant to ecosystems,
and fulfill Common Core standards. I provide an overview of the module and the learning aims.
Next, I address the methods used to assess student learning over the course of the module. In the
last section, I discuss my personal experiences with implementing the module and provide
examples of all protocols and student materials used in the module. The module was
implemented as part of the coursework activities in the classrooms setting in which I teach, and
was not intended as a study of human subjects. Thus qualitative perspectives are presented here.
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CHAPTER 1
Small scale spatial variation in root- and foliar endophyte communities in Lehmann’s
lovegrass in an invaded grassland in southeastern Arizona, USA
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Abstract—Grasslands in the western United States face severe environmental threats including
climate change, land-use conversion and development, and the introduction, establishment, and
spread of non-native species. One such species, Lehmann’s lovegrass (Eragrostis lehmanniana),
was introduced to the southwestern United States in the early 1900s. Since its establishment at the
Santa Rita Experimental Range (SRER) of southeastern Arizona, Lehmann’s lovegrass has become
the dominant grass species. Little is known about the microbial symbionts of this invasive but
economically important grass. The aims of this study were to characterize communities of
endophytes associated with Lehmann’s lovegrass in the SRER, with the aim of evaluating smallscale spatial variation as a function of environmental factors. We focused on microhabitats created
by mesquites (Prosopsis velutina), small native trees that are encroaching upon the grassland over
time. Our design allowed us to consider the relevance of three factors for the abundance, diversity,
and community composition of endophytes associated with Lehmann’s lovegrass: plant tissue (root
vs. stem), landscape position (flat vs. hill slope), and location under or beyond the reach of
mesquite canopies (i.e., inside or outside the canopy dripline). Here we show that endophytes occur
frequently in Lehmann’s lovegrass. Infections by fungi are particularly common and did not vary in
abudance as a function of landscape or canopy position. However, diversity and community
composition differed as a function of canopy position, and the assemblages of endophytes in roots
and stems differed significantly. Overall differences in endophyte communities parallel differences
in soil traits between areas inside and outside mesquite canopies. This study provides the first
perspective on the diversity and distributions of root- and stem-associated endophytes of
Lehmann’s lovegrass, an important invasive grass in southeastern Arizona.
Keywords: Ascomycota, diversity, endophytic fungi, Eragrostis lehmanniana, grassland, invasive
species, Prosopis velutina
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Introduction
Grasslands in the western United States face severe environmental threats including those
brought about by climate change (changes in precipitation regimes and altered fire cycles), landuse conversion and development, and the introduction, establishment, and spread of non-native
species (Sumrall, 1991; Cable, 1965). One such species, Lehmann’s lovegrass (Eragrostis
lehmanniana), was introduced to the southwestern United States in the early 1900s and the Santa
Rita Experimental Range (SRER) in the 1930’s (Bagchi et al., 2012 and McClaran et al., 2003).
Since its introduction, it has become the dominant grass in the mid-elevation grasslands of
southern Arizona, including the Santa Rita Experimental Range (SRER), where it has displaced
native grasses including Arizona cottontop, three awns, and gramas (McClaran et al., 2003).
Like other invasive grasses, Lehmann’s lovegrass impacts local ecosystem in many ways.
Lehmann's lovegrass is less palatable to livestock and has a lower nutritional value than native
grasses (Voigt et al., 2004). A high abundance of dead stems in mature plants may further deter
grazers (Drescher et al., 2006). These factors lead to heavier grazing on native species. It has
been found to decrease the biodiversity of flora and fauna in areas it invades, as well as alter fire
cycles of ecosystems (typically making them shorter) ( D'Antonio & Vitousek, 1992). The grass
is difficult to impossible to control in areas where it has established, and such areas are unlikely
to be converted back to communities dominated by native species (Angell & McClaran, 2001).
Microbial symbionts are an important but understudied aspect of the ecological dynamics
of invasive species such as Lehmann’s lovegrass. In particular, those microbes that occur within
living plant tissues may be important for the establishment, persistence, and spread of invasive
plants (Aschehoug, 2012; Bacon et al., 1977). Endophytes are symbiotic fungi and bacteria that
reside within plant tissues without causing symptoms of disease (Wilson, 1995). They are found
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within every tissue of healthy plants, both above and below ground, and have been found in all
agricultural and wild plants evaluated thus far (Arnold, 2007). Endophytes are classified
functionally on the basis of several properties, including the plant tissue that they inhabit and
their transmission dynamics (Rodriguez et al., 2009). In general endophytes encompass a
tremendous diversity of fungi (primarily Ascomycota) and bacteria (primarily Proteobacteria and
Firmicutes) (Arnold, 2007).
Endophytes are particularly interesting in the context of invasive plants because these
microbes can benefit their host plants in many ways. Endophytes can improve the ability of
plants to obtain soil nutrients, provide protection from herbivores or other microbes, and buffer
hosts from temperature extremes (Clay, Holah, & Rudgers, 2005; Jallow, Dugassa-Gobena, &
Vidal, 2004; Rudgers, Koslow, & Clay, 2004). However, endophytes of Lehmann’s lovegrass
have not been studied previously, such that even basic information such as their diversity,
composition, and distributions in the landscape are lacking.
Here we examined the endophytes associated with Lehmann’s lovegrass in the SRER,
using a culture-based approach coupled with molecular sequencing to characterize endophyte
communities in above- and belowground plant tissues. We conducted this study in the context of
a major ecological shift in these grasslands – woody plant encroachment, particularly by native
mesquites (Prosopis velutina) – to understand how endophyte communities in Lehmann’s
lovegrass vary at a landscape scale. Mesquite trees are an important factor affecting soils in these
semiarid grasslands, creating “islands of fertility” where soil nutrients and organic carbon may
be found in higher proportions under the canopy vs. beyond the canopy edge (Blaire et al., 2014).
The gradual change from grasslands to mesquite scrub on the SRER has likely caused soil
conditions to shift from homogeneous to more heterogeneous across the landscape (Gallardo et
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al., 1992). Overall our design allowed us to consider the relevance of three factors for the
abundance, diversity, and community composition of endophytes associated with Lehmann’s
lovegrass: plant tissue (root vs. stem), landscape position (flat vs. hill slope), and location under
or beyond the reach of mesquite canopies (i.e., inside or outside the canopy dripline).

Methods
The Santa Rita Experimental Range comprises a 21,000 ha area located ca. 80 km south of
Tucson, AZ, USA (Fig. 1). Elevation of the area ranges from ca. 900 m to 1400 m. Rainfall
averages 213 mm in the summer and 158 mm in the winter (McClaran et al., 2003). The
majority of the area is composed of mesquite-grass savanna which transitions to desert scrub at
its lowest elevations and savanna woodlands at its highest elevations (McClaran et al., 2003).
The SRER has a long history of research focusing on restoration of vegetation (Thornber, 1910;
Griffiths, 1904) and sustainable grazing (Wooten, 1916), with a history of cyclic drought and
early periods of overgrazing (Sayre, 2003). One of the focuses of research in the 1920’s was to
test a variety of exotic grasses to see whether they could be useful sources of cattle forage and
ground cover. Most species did not successfully establish on the SRER. Lehmann’s lovegrass
(Eragrostis lehmanniana) was one of the species that did readily establish on a range. It is now
the predominant grass type over most of the area of the SRER.

Plant sampling
The study comprised two localities within the mesquite-grass savanna at the SRER (Fig. 1). The
vegetation at both study sites was composed predominantly of native mesquite trees (Prosopis
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velutina), native (Bouteloua eriopoda, Digitaria californica) and introduced perennial grasses
(Eragrostis lehmanniana), and prickly pear cacti (Opuntia spp.).
Fresh, living, and apparently healthy individuals of Eragrostis lehmanniana were
collected August 2013-March 2014 in the vicinity of 16 mesquite trees at two locations (Fig. 1).
The locations were chosen on the basis of accessibility, presence of the focal species, and
differences in terrain. Both locations were along mains, within close proximity to areas with
intensive human use. One location was predominantly flat and the other occurred along a
southwest-facing hill slope (Fig. 1).
At each mesquite tree, E. lehmanniana plants were collected at roughly the 12:00, 4:00,
and 8:00 positions around the trunk (Fig. 1). At each position, three individuals of E.
lehmanniana were collected from underneath the mesquite canopy (i.e., within the dripline) and
three were collected from outside the mesquite canopy (i.e., 6 plants per tree). Collection
information is summarized in Table 1.

Processing for endophytes
Individual plants were stored in resealable bags and transported to the lab for processing. All
samples were stored at 4°C and processed within 48 hours of collection. Plants were rinsed
initially under tap water to eliminate surface debris and then divided into stem tissue and root
tissue. Stems and roots were cut into 2mm pieces and then surface-sterilized by sequential
immersion in 95% ethanol (10 sec), 10% bleach (0.53 % NaOCl-; 2 min) and 70% ethanol (2
min) (Higgins et al., 2011; Massimo et al., 2015; Arnold & Lutzoni, 2007). Tissue pieces were
allowed to surface dry under sterile conditions prior to placement on the nutrient media. Twentyfour pieces of each tissue type per individual were placed individually into 1.5 mL tubes
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containing 2 % malt extract agar (Amresco, Solon, OH, USA) (Arnold & Lutzoni 2007). Tubes
were sealed and incubated at room temperature (~25 °C) with ca. 12 h light/dark cycles.
Emergent fungi or bacteria were extracted and fungi were prepared for molecular analysis
(below). Each isolate was vouchered in sterile water and accessioned at the Robert L. Gilbertson
Mycological Herbarium at The University of Arizona. Overall, we evaluated 144 stem pieces
and 144 root pieces of E. lehmanniana per focal tree, for a total of 4608 tissue pieces.

Molecular analysis
Bacteria were observed but were three times less common than fungi. Therefore, we did not
focus on them for the remainder of the study.
Total genomic DNA was extracted from each fungal isolate following Massimo et al.
(2015). The polymerase chain reaction (PCR) was used to amplify the nuclear ribosomal internal
transcribed spacers and 5.8S gene (ITSrDNA) and an adjacent portion of the ribosomal large
subunit (LSUrDNA) for a total of ca. 1000 base pairs per sequence (i.e., ITSrDNA-LSUrDNA)
(Massimo et al., 2015). PCR methods followed Massimo et al. (2015) and U’Ren et al. (2012)
with primers ITS1F and LR3. PCR products were verified by gel electrophoresis, cleaned using
ExoSap-IT (Affymetrix; Santa Clara, CA, USA), and sequenced at the University of Arizona
Genomics Core (UAGC). DNA sequences were assembled in phred and phrap (Ewing and
Green, 1998; Ewing et al., 1998) with orchestration by Mesquite v. 1.06
(http://mesquiteproject.org/) and then manually verified and edited in Sequencher v. 5.1 (Gene
Codes Corporation, Ann Arbor, MI, USA).

Operational taxonomic units and taxonomic assignments
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Sequence data were used to assemble operational taxonomic units (OTU), a proxy for species.
OTU were assembled on the basis of 95% sequence similarity (fungi) (U’Ren et al., 2009,
Massimo et al., 2015). OTU were assembled in Sequencher with at least 40 base-pair overlap
following Arnold and Lutzoni (2007).

Soil chemistry analyses
Soil samples were collected from four focal trees where plants were collected. Litter was gently
scraped from the soil surface before collection of ca. 1 L of soil, replicated four times per tree.
Soil samples were dried at 60 °C for 3 d and sieved through 2 mm mesh. Samples were analyzed
by Motzz Laboratories (Phoenix, AZ, USA) using industry-standard methods. Soil traits that
were quantified are shown in Table 2.

Statistical analyses
Because isolation frequency was low, we pooled data for E. lehmanniana plants by combining
results for individuals inside or outside the canopy of each focal mesquite tree. Thus, units of
replication were defined as collections made inside vs. outside the canopy for each of 16 trees
(i.e., 32 units). Data for one tree were excluded due to mishandling of samples.
Isolation frequency data were logit-transformed prior to analysis by t-tests in JMP 11.1.1
(http://www.jmp.com/en_us/software.html). Species accumulation curves and estimated richness
were inferred using EstimateS (http://viceroy.eeb.uconn.edu/estimates/). Diversity was
calculated as Fisher’s alpha, which is robust to variation in sample size (see Arnold and Lutzoni
2007, U’Ren et al., 2012, Massimo et al., 2015). Diversity was calculated only for samples
comprising at least five isolates (i.e., 19 samples). Diversity data were analyzed using non-
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parametric Wilcoxon tests in JMP 11.1.1, except where data combinations satisfied the
assumptions of normality (in which case a t-test was used with log-transformed data). Nonsingleton OTU were used in analyses of similarity (ANOSIM), with results visualized by nonmetric multidimensional scaling (NMDS). ANOSIM and NMDS were conducted in PAST
(http://folk.uio.no/ohammer/past/).

Results
Endophytes were isolated from all collections of E. lehmanniana. Our collection comprised 296
fungal isolates and 98 bacterial isolates (Table 1). On average, each collection (i.e., three plants
from within or outside the dripline of each focal mesquite tree; Fig. 1) yielded 5.7 fungal isolates
(95% CI, 4.3-7.0 isolates) and 1.88 bacterial isolates (95% CI, 1.2-2.6 isolates). Overall isolation
frequency was 7.9% (fungi) and 2.6% (bacteria). Because fungi were ca. three times more
prevalent than bacteria in our sample, and there was no evidence that bacterial and fungal
abundance were correlated (F1, 27 = 0.1152, p = 0.7369), we focused further analyses only on
fungi.
Isolation frequency of fungi did not differ as a function of slope (hill vs. flat; t47 = 0.98, p
= 0.3300) or canopy position (inside vs. outside canopy dripline, t47 = 0.60, p = 0.5498).
However, isolation frequency did differ significantly as a function of tissue type (t47 = -2.96, p =
0.0048). Fungi were isolated twice as frequently from roots (mean isolation frequency, 10.0%;
95% CI, 7.2-13.0) as from stems (5.4%; 95% CI, 3.4-7.3). When data for each tissue type were
analyzed separately, there was no evidence that isolation frequency differed as a function of
slope or canopy position (roots: slope, t24 = 0.62, p = 0.5407; canopy position, t24 = 0.02, p =
0.9796; stems: slope, t21 = 1.47, df = 21, p = 0.1577; canopy position, t21 = 0.46, p = 0.6487).
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A total of 40 OTU were obtained from 296 cultured isolates of fungi (Fisher’s alpha =
13.3). These were all Ascomycota with prevalent representation by Sordariomycetes and
Dothideomycetes.
Diversity of fungal endophytes did not differ as a function of slope (chi-square = 0.62, df
= 1, p = 0.4293) or tissue (chi-square = 0.09, df = 1, p = 0.7586). We therefore considered all
samples from the flat and hillslope locations, and all samples from roots and shoots, for further
analysis. Using these data, we observed that diversity of endophytes from plants outside the
canopy exceeded that of plants within the canopy dripline (Fig. 2). This trend reflected
endophytes from roots (chi-square = 3.73, df = 1, p = 0.0535) much more than endophytes of
shoots, which did not differ markedly in diversity as a function of canopy position (chi-square =
0.2206, df = 1, p = 0.6386).
Assemblages of fungal endophytes did not differ as a function of slope (ANOSIM:
Jaccard index, R = 0.06318 p = 0.1645; Morisita index, R= 0.1041, p = 0.0756) (data not
shown). However, endophyte communities differed significantly as a function of both tissue type
(root vs. stem) and canopy position (inside vs. outside the canopy dripline) (Fig. 3). Differences
in endophyte diversity and community structure paralleled differences in soil traits as a function
of location within and outside the dripline of mesquite canopies (Table 2).

Discussion
Grasslands in the western United States face diverse environmental threats, several of which are
related directly or indirectly to each other: climate change, with associated changes in fire
regimes and the seasonality and quantity of rainfall; land-use conversion and development,
including recreational use and construction; and the introduction, establishment, and spread of
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non-native species. Since its establishment at the Santa Rita Experimental Range of southeastern
Arizona, Lehmann’s lovegrass has become the dominant grass species. Little is known about its
microbial symbionts. Symbiotic microbes, particularly endophytes, are increasingly appreciated
as important determinants of plant health and productivity (Rodriguez et al., 2009). The aims of
this study were to characterize communities of endophytes associated with Lehmann’s lovegrass
in the SRER. We focused on microhabitats created by mesquites (Prosopsis velutina), small
native trees that are encroaching upon the grassland over time. Our design allowed us to consider
the relevance of three factors for the abundance, diversity, and community composition of
endophytes associated with Lehmann’s lovegrass: plant tissue (root vs. stem), landscape position
(flat vs. hill slope), and location under or beyond the reach of mesquite canopies (i.e., inside or
outside the canopy dripline).
Our results show that endophytes are common in Lehmann’s lovegrass. Infections by
fungi are particularly common and did not vary in abundance as a function of landscape or
canopy position. However, diversity and community composition differed as a function of
canopy position, and the assemblages of endophytes in roots and stems also differed
significantly. Overall differences in endophyte communities parallel differences in soil traits
between areas inside and outside mesquite canopies.
Differences in endophyte communities between roots and shoots have been observed
previously in desert plants and weedy annuals in southern Arizona (Garber and Arnold,
unpublished data). Similarly, Sandberg et al. (2014) found that endophytes of roots vs. shoots
differed significantly in angiosperms in aquatic systems. However, Wagner et al. (2015) showed
that bacterial endophytes can be quite similar between roots and above-ground tissues of a wild
plant. It is plausible that the differences we found in root vs. stem communities of endophytes
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were a feature only of fungal endophytes, and not of bacterial endophytes, which in turn could
play important and unexplored roles.
Similar to previous research at the SRER (Tiedemann and Klemmedson, 1973), we found
that soil beneath mesquite canopies was consistently more fertile than the soil outside the canopy
(Table 2). The grasses found outside the mesquite canopy could harbor endophytes that could
allow plants to take in minerals more efficiently (Cheplick et al., 1989, Malinowski and Belesky,
2000). This would allow the grasses that they inhabit to colonize areas with less fertile soils, and
could be tested by experiments. It is clear from the literature that soil nutrient levels, including
nitrogen, are important for the competitive success of Lehmann’s lovegrass (see FernandezGimenez and Smith, 2003). Previous work has shown that grass endophytes can be important in
such processes, such as increasing nitrogen uptake by grasses from soils (e.g., Parisi et al., 2014).
Exposure to ultraviolet light and temperature extremes also could influence the
differences we observed in endophyte communities beneath versus outside mesquite canopies.
The ability of some endophytes to confer thermotolerance to their host plants is well documented
(Redman et al., 2002; Rodriguez et al., 2009). Endophytes that inhabit the plants outside the
dripline likely receive more ultraviolet radiation (UV) and higher temperatures than the
endophytes inhabiting plants within the dripline. Campisano et al. (2017) showed that cuttings
from the same plants were colonized by different endophytic fungi under different temperature
regimes. Future studies could address how UV and temperature in shared environments influence
endophyte communities, and whether the endophytes that are recruited under these stresses have
functional benefits. Some endophytes are thought to mitigate UV stress in plants (Aroca, 2013),
an area of future research.
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Lastly, differences in water availability beneath vs. beyond canopy driplines could
account for the community differences indicated in the results. Herrera et al. (2011) found that
the number of fungal endophyte species inhabiting semidesert grasses increases after a rainfall,
and U’Ren et al. (2012) and Lau et al. (2013) have shown that endophytes typically are more
common and diverse in less-arid areas at large scales. Herrera et al. (2011) hypothesized that
similar to abuscular mycorrhizal fungi, certain endophyte species can increase plants’ ability to
take in water from soils, which may be important in the present setting because co-occuring
woody plants compete with grasses for water (Scholes and Archer, 1997). Grasses that live in
close proximity to woody plants will receive less water than grasses that are growing in an area
absent of woody plants, though shading by trees could contribute to reduced rates of
evapotranspiration. Smit & Swart (1994) found that the density of Lehmann’s lovegrass
decreased as the density of the canopy of leguminous trees increased, potentially reflecting many
factors including water availability. In general, water may be one of the first limiting resources
for Lehmann’s lovegrass (Frasier and Cox, 1994). An improvement to the present study, which
could shed light on the ecological relevance of water stress for endophyte assemblages and
functional traits, would be to measure soil moisture in the framework of our study design, and to
estimate plant vigor and biomass.
Overall, this study provides the first perspective on the diversity and distributions of rootand stem-associated endophytes of Lehmann’s lovegrass, an invasive grass in southeastern
Arizona. Our results suggest an interplay of grasses, endophytes, and encroaching mesquites that
may be useful in future studies for illuminating the roles endophytes may play in facilitating the
establishment and spread of Lehmann’s lovegrass, with the potential in turn to inform such
dynamics in other invasive plants.
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Table 1. Collection information for endophytes of Eragrostis lehmanniana at SRER. Columns
indicate collection code, the focal mesquite tree at which collections were made, the location (hill slope
area or flat area), the tissue type (stem or root), the canopy position (inside or outside dripline), the
number of isolates obtained from 72 tissue pieces, the putative species (operational taxonomic units,
OTU), and for fungi, diversity, measured as Fisher’s alpha for all collections from which at least 5
fungal OTU were observed.

Inside dripline

Isolates,
fungi
9

Isolates,
bacteria
4

OTU,
fungi
8

OTU,
bacteria
4

Fisher’s
alpha, fungi
36

Outside dripline

9

6

8

3

36

Stem

Outside dripline

12

2

9

2

34.15

Flat

Root

Outside dripline

8

1

7

1

29.21

12

Hill

Root

Outside dripline

11

2

9

2

23.38

16

Flat

Root

Outside dripline

16

3

11

3

16

H-11-R-I

11

Hill

Root

Inside dripline

11

7

8

4

13.44

H-6-R-O

6

Hill

Root

Outside dripline

8

2

6

2

11.05

H-13-R-I

13

Hill

Root

Inside dripline

13

0

8

0

9.03

H-5-R-O

5

Hill

Root

Outside dripline

13

1

8

1

9.03

H-6-R-I

6

Hill

Root

Inside dripline

9

4

6

2

7.98

F-15-R-I

15

Flat

Root

Inside dripline

20

0

10

0

7.97

F-14-S-I

14

Flat

Stem

Inside dripline

7

0

5

0

7.74

H-12-S-I

12

Hill

Stem

Inside dripline

7

1

5

1

6.73

H-13-S-I

13

Hill

Stem

Inside dripline

7

2

5

2

6.73

F-14-R-I

14

Flat

Root

Inside dripline

13

0

7

0

6.26

H-11-S-O

11

Hill

Stem

Outside dripline

11

3

6

2

5.54

F-15-R-O

15

Flat

Root

Outside dripline

15

0

7

0

5.27

H-2-R-I

2

Hill

Root

Inside dripline

11

1

5

1

3.47

F-16-R-I

16

Flat

Root

Inside dripline

7

2

3

2

N/A

F-16-S-I

16

Flat

Stem

Inside dripline

3

5

3

5

N/A

F-7-R-I

7

Flat

Root

Inside dripline

2

4

1

3

N/A

F-8-R-O

8

Flat

Root

Outside dripline

5

3

4

3

N/A

H-12-R-I

12

Hill

Root

Inside dripline

8

8

4

5

N/A

H-13-R-O

13

Hill

Root

Outside dripline

5

0

3

0

N/A

H-2-S-O

2

Hill

Stem

Outside dripline

5

1

4

1

N/A

H-3-R-I

3

Hill

Root

Inside dripline

3

4

3

4

N/A

H-5-R-I

5

Hill

Root

Inside dripline

2

12

2

5

N/A

H-6-S-I

6

Hill

Stem

Inside dripline

3

4

3

4

N/A

Collection

Tree

Slope

Tissue

Canopy position

H-11-S-I

11

Hill

Stem

H-4-R-O

4

Hill

Root

H-12-S-O

12

Hill

F-7-R-O

7

H-12-R-O
F-16-R-O
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Table 2. Soil characteristics as a function of canopy position at focal mesquite trees in
SRER. Characteristics that differed significantly as a function of canopy position (P ≤ 0.05
through parametric or non-parametric tests, depending on the distribution of values) are
presented in bold and marked with * in the canopy position in which they were higher. Soils
inside the canopy dripline were consistently less acidic, higher in nitrate, sulfate, and calcium,
and richer in most micronutrients relative to proximate soils outside the dripline. Data represent
four trees from the flat locality, with four samples analyzed per canopy position per tree.

Soil characteristics

Inside dripline

Outside dripline

Mean

St dev

Mean

St dev

pH (SU)*

5.35*

0.17

4.95

0.24

Nitrate-N, NO3-N (ppm)

12.35*

5.01

5.45

2.34

Phosphate-P, PO4-P (ppm)

11.00

0.00

12.00

1.15

Sulfate-S, SO4-S (ppm)

4.55*

0.81

2.00

0.12

Boron, B (ppm)

0.45*

0.11

0.09

0.00

Calcium, Ca (ppm)*

492.50*

79.74

237.50

5.00

Copper, Cu (ppm)

1.78*

0.41

1.25

0.06

Iron, Fe (ppm)

105.75*

69.94

13.50

2.65

Magnesium, Mg (ppm)*

53.25*

3.77

42.00

0.82

Manganese, Mn (ppm)

16.00

1.83

21.75*

2.22

Nickel, Ni (ppm)

0.22*

0.12

0.07

0.01

Potassium, K (ppm)

215.00*

12.91

99.25

8.06

Sodium, Na (ppm)

11.50

0.58

12.00

1.15

Zinc, Zn (ppm)

1.90*

0.64

0.57

0.03

Cation exchange capacity (meq/100g)

3.50*

0.47

1.83

0.05

Electrical conductivity (dS/m)

0.03

0.04

0.05

0.03

Exchangeable sodium percentage (%)

1.45

0.19

2.83*

0.26
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Figure legends
Fig. 1. (A) Map showing location of Santa Rita Experimental Range in the context of major
protected lands in southern Arizona (from nps.gov). (B) Map of SRER with study locations and
focal trees shown. (C) Illustration of mesquite and lovegrass showing dripline.

Fig. 2. Diversity of fungal endophytes was significantly greater for Lehmann’s lovegrass plants
growing beyond the dripline of mesquite canopies (outside dripline) vs. under mesquite canopies
(inside dripline).

Fig. 3. Endophyte communities in Lehmann’s lovegrass differed as a function of tissue type and
canopy position. Analyses focused on trees that occurred in the hill locality, where endophytes
from Lehmann’s lovegrass inside and outside mesquite canopies were consistently present in
sufficient abundance for inclusion. Open symbols: +, stems outside of canopy dripline; open
squares, roots outside of canopy dripline. Black symbols: squares, stems under the canopy
(inside dripline); circles, roots under the canopy (inside dripline). (A) Jaccard index, based on
presence-absence data. ANOSIM R = 0.2448, p = 0.0132. (B) Morisita index, based on
abundance data. ANOSIM R = 0.2277, p = 0.0170.
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Student engagement in STEM through the study of fungal
symbioses
Gavin Lehr1,2

1. Masters Program in Natural Sciences for Teachers, The University of Arizona
2. Sahuarita High School, 350 West Sahuarita Rd, Sahuarita, AZ 85629 USA

Summary
A learning module for high school students was developed and implemented at Sahuarita High
School with the aims of engaging students in science, technology, engineering, and mathematics
(STEM). The module centered conceptually on building a better understanding of the nature of
science, and in terms of thematic content focused on ecosystem function via the lens of
endophytic symbioses. The module was implemented at Sahuarita High School, Sahuarita,
Arizona. Here I provide my personal account of teacher experiences with implementing and
assessing a module teaching the nature of science concepts and endophyte ecology, which were
integrated into the day to day activities of an advanced placement biology and honors freshman
science course.

Sahuarita High School
Sahuarita High School is a school of roughly 1000 students in southeastern Arizona. The racial
makeup of the population is 50% Hispanic, 48% caucasian, and 2% other. Forty eight percent of
the student body is in the free or reduced lunch program. Many students on my school campus
fall into one of the groups considered to be under-represented in STEM fields (Cole & Espinoza,
2008; Riegle-Crumb & King, 2010). There is a strong need at Sahuarita High School, as in other
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schools in the region, to encourage students to consider studies and future careers in STEM. I
teach freshman and senior-level courses at Sahuarita High School, and developed the module
described below on the basis of my experiences with Dr. A. Elizabeth Arnold at the University of
Arizona.

Learning objectives
The learning objectives of the endophyte module focused primarily on building a better
understanding of the nature of science (Table 1) and to provide students with a better
understanding about how ecosystems function (Table 2). From personal experience, the
standards in this module are some of the more difficult to incorporate into a more traditional
classroom setting. Table 2 lists the Next Generation Science Standards, and Table 3 the Common
Core Standards, that were covered over the course of the module.

Implementation of endophyte module
The endophyte module was implemented in November 2015 and concluded March of 2016. A
total of 12 students participated, of whom 83% were female and approximately 50% were from
groups traditionally under-represented in STEM. Students ranged roughly in age from 14-18 and
included freshmen (through an honors science course) and seniors (AP biology course). For the
majority of students, if not all, this was their first hands-on engagement in scientific thinking and
their first science research experience.
Broadly, the module consisted of classroom activities, lab activities, group discussions
and activities, formal teaching, and engagement of students in a one-day visit to the Arnold lab at
the University of Arizona. Table 4 describes the timing and methods for how each portion of the
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module was taught. All supplementary materials listed in the table below can be found in
supplemental files under the names listed on the table.

Assessment methods
Over the course of the module, a variety of formative and summative assessments were used.
Two separate summative assessments were used.
The first summative assessment was a pretest at the beginning of the module that tested
students on their general knowledge of endophytes and their role in ecosystems. The test also
focused on basic understanding of the nature of science. In order to assess students’
understanding of the nature of science, I included the questions that are used in the VOSI
questionnaire described by Schwartz et al. (2008). I had the students take the same test at the
conclusion of the module and assessed whether their understandings of both concepts improved.
The test may be found in a supplemental file: Pre and post test.pdf.
The other summative assessment that was used was to have students create research
posters for their group experiments and to present them during class. During this activity they
demonstrated their understanding of their experimental design and the implications of their
experimental results. Students chose from a variety of poster templates found online that can be
downloaded for free.
The module also included informal assessments. In addition to conversations with
students during the course of the module, as well as discussions and group interactions, I
interviewed students after the conclusion of the module about their attitudes toward science and
how they felt the activity influenced their thoughts of pursuing science as a field of study in the
future.
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Finally, many of the laboratory skills required were assessed using formative
assessments. Students received guidance from me, or during outreach activities from members
of the Arnold lab, on how to correctly conduct all experimental procedures prior to deploying
their group experiments Lab protocols may be found in a supplemental file:
GenSeedBurial.SahuaritaHS.pdf.

Perspectives on implementation
One of the main challenges with implementing the module was finding time for all of the
participating students to be able to meet with their groups to conduct their research. I had
students from both my AP biology class and my freshman-level honors science class. Since
some of the students in the different experimental groups were in different classes, they were
unable to meet enough outside of class to complete their research. In the future, I plan to select
only students from my AP biology class so that I can build time into their regular class period.
In future iterations, I also plan to set up a venue for students to present their research to
an audience other than myself and their classmates. I plan to have students in future classes have
a poster session where school district administration and members of the community can attend
and talk to students about their research. We also would invite members of the University of
Arizona community, continuing to strengthen our association with laboratories and scientists
there for modeling career opportunities and college studies.
Overall, the results from the module must be considered informal because the students
that I selected for the module the first time it was administered were all students who expressed
an interest in pursuing science as a career in a prior survey. I administered the post tests during
the last week of the school year. All participants of the module took the post test along with
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students from my AP biology class and freshman science class who did not participate in the
module.
In regard to students understanding of the nature of science, the results of the post test
reflected the results of several related published studies (Leblebicioglu et al. 2017; Burgin et al.,
2015): students who participated in the module scored the same as their peers who did not
participate in the module on nature of science questions. Many educational scientists have
argued that students are best-suited to learn about the nature of science when they are immersed
in doing science for extended amounts of time (Duschl and Grandy, 2012; Sandoval, 2005).
Based on these results, I feel that I need to include explicit instruction about the nature of science
at periodic intervals throughout the module. When I taught the module, students were explicitly
taught about the nature of science on two separate occasions. I feel that more frequent review of
these critical concepts along with having the students reflect on how their own research relates to
the nature of science will lead to greater student retention.
Perhaps most strikingly, the visit to the endophyte lab at the University of Arizona
(Arnold lab), where the students were able to interact with the lab members and translate their
enthusiasm and skills into a professional environment, had the most profound impact on the
students who participated in the module. All students who participated in the module reported a
positive change in their view of their likelihood to pursue science as a major in college. When
students were asked what they felt the most beneficial aspect of the project was 10 of the 12
students responded that the visit to the lab was the most beneficial. These findings are in line
with the recommendations of Bryan et al. (2011), who state that schools should work to put
students into contact with members of the scientific community to serve as science role models.
The reason that most students provided for the visit being most beneficial was because it gave
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them an idea of what “real” scientists do in the lab. Other comments related to students feeling
more confident that they could do the day to day activities in the science lab. For the reasons
above, I would like to maximize the amount of time that students have to collaborate with lab
members. I also would like to have my students construct their hypothesis and experimental
designs prior to visiting the lab so that they can present them to lab members and receive
constructive feedback.
The other aspect of the module on which participants scored higher than nonparticipants
was content knowledge regarding how soil microbes influence their ecosystems. Overall, <50%
of AP biology students who did not participate in the module could provide specific examples of
how soil microbes could influence plants or animals in an ecosystem when they were
interviewed at the end of the school year. In contrast, all students who participated in the module
could provide at least one example of how soil microbes can influence plants or animals in an
ecosystem. I did not score the freshman science students who did not participate in the module
on this aspect of the test because their coursework does not include a unit on ecology.
Overall, I feel that with the revisions that I mentioned above, this module should be
successful in helping students to gain a better understanding of the nature of science while also
improving scientific writing skills and making them better informed about the function of
ecosystems.
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Table 1. Nature of Science Skills (Next Generation Science Standards Appendix H).
Scientific inquiry is characterized by a common set of values that include: logical thinking,
precision, open-mindedness, objectivity, skepticism, replicability of results, and honest and ethical
reporting of findings.
The discourse practices of science are organized around disciplinary domains that share exemplars
for making decisions regarding the values, instruments, methods, models, and evidence to adopt and
use.
Scientific investigations use a variety of methods, tools, and techniques to revise and produce new
knowledge.
Science knowledge is based on empirical evidence.
Science disciplines share common rules of evidence used to evaluate explanations about natural
systems.
Science includes the process of coordinating patterns of evidence with current theory.
Science arguments are strengthened by multiple lines of evidence supporting a single explanation.
Theories and laws provide explanations in science, but theories do not with time become laws or
facts.
Models, mechanisms, and explanations collectively serve as tools in the development of a scientific
theory.
Scientists often use hypotheses to develop and test theories and explanations.
Science is both a body of knowledge that represents a current understanding of natural systems and
the processes used to refine, elaborate, revise, and extend this knowledge
Science distinguishes itself from other ways of knowing through use of empirical standards, logical
arguments, and skeptical review
Science knowledge has a history that includes the refinement of, and changes to, theories, ideas, and
beliefs over time.
Individuals and teams from many nations and cultures have contributed to science and to advances
in engineering.
Technological advances have influenced the progress of science and science has influenced
advances in technology.

53

Table 2. Next Generation Science Standards
HS-LS2-2 Ecosystems: Interactions, Energy, and Dynamics
Use mathematical representations to support and revise explanations based on evidence about factors
affecting biodiversity and populations in ecosystems
LS2.C: Ecosystem Dynamics, Functioning, and Resilience
A complex set of interactions within an ecosystem can keep its numbers and types of organisms
relatively constant over long periods of time under stable conditions. If a modest biological or
physical disturbance to an ecosystem occurs, it may return to its more or less original status (i.e., the
ecosystem is resilient), as opposed to becoming a very different ecosystem. Extreme fluctuations in
conditions or the size of any population, however, can challenge the functioning of ecosystems in
terms of resources and habitat availability.
HS-LS2-6 Evaluate claims, evidence, and reasoning that the complex interactions in ecosystems
maintain relatively consistent numbers and types of organisms in stable conditions, but changing
conditions may result in a new ecosystem.
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Table 3. Common Core standards.

ELA/Literacy:
RST.9-10.8
Assess the extent to which the reasoning and evidence in a text support the author’s
claim or a recommendation for solving a scientific or technical problem
RST.11-12.1
Cite specific textual evidence to support analysis of science and technical texts,
attending to important distinctions the author makes and to any gaps or inconsistencies in the account.
RST.11-12.7
Integrate and evaluate multiple sources of information presented in diverse formats
and media (e.g., quantitative data, video, multimedia) in order to address a question or solve a
problem.
RST.11-12.8
Evaluate the hypotheses, data, analysis, and conclusions in a science or technical
text, verifying the data when possible and corroborating or challenging conclusions with other sources
of information.
WHST.9-12.2
Write informative/explanatory texts, including the narration of historical events,
scientific procedures/ experiments, or technical processes.
WHST.9-12.5
Develop and strengthen writing as needed by planning, revising, editing, rewriting,
or trying a new approach, focusing on addressing what is most significant for a specific purpose and
audience.
WHST.9-12.7
Conduct short as well as more sustained research projects to answer a question
(including a self-generated question) or solve a problem; narrow or broaden the inquiry when
appropriate; synthesize multiple sources on the subject, demonstrating understanding of the subject
under investigation.
Mathematics:
MP.2

Reason abstractly and quantitatively.

MP.4

Model with mathematics.

HSN.Q.A.2

Define appropriate quantities for the purpose of descriptive modeling.

HSN.Q.A.3
Choose a level of accuracy appropriate to limitations on measurement when
reporting quantities.
HSS-IC.A.1
Understand statistics as a process for making inferences about population parameters
based on a random sample from that population.
HSS-IC.B.6

Evaluate reports based on data.
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Table 4. Implementation of the endophyte module.

Activity

Supplemental Materials

The pretest over basic ecology of endophytes and the nature of science
is given.

Pre and post test.pdf

Students are taught basic background about endophytes and endophyte
research. They fill out notes about the information as the presentation
is shown.

Endophyte lesson.ppt
Endophyte handout.pdf

A general overview of the research that students are to conduct is given
including, timeframe of the project, materials to be used, and
information about the expected final presentation. They are given a
copy of the lab protocol to review.

GenSeedBurial.SahuaritaHS.pdf

A class discussion is had reviewing basic experimental design. Topics
emphasized in the review include: The importance of experimental
constants, positive and negative controls, and how to use standardized
measurements for ecological sampling.
Students are trained how to surface sterilize and package seeds into
bags that would keep out larger organisms but, allow soil microbes
access.
During this time, the students learned how to keep a sterile environment
for working with microbial cultures by using an alcohol burner.
Within 24 hours of sterilizing and packaging seeds, students are shown
how to determine a proper area and to set up an experimental plot. The
students set two research plots; one in open desert and one under a
mesquite tree canopy. While setting the plots, the students learned how
to conduct soil and vegetation transects and how to properly space and
mark the seed bags.

Data-sheet-SeedBagExperiment.xlsx

Students are provided with several articles that relate to their seed
germination research. The class separates into groups and summarizes
the findings of each article. Groups then present their article findings to
the rest of class.
At this time in the module, students review the concept of fact vs.
theory vs. law. They watch a video from the PBS digital series “It’s
Okay to Be Smart” titled: “Fact vs. Theory vs. Hypothesis vs. Law…
EXPLAINED!”

Factvstheoryvslaw.pdf

The video can be found at the web address:
https://www.youtube.com/watch?v=lqk3TKuGNBA. Students fill out
questions about the video on a handout. They then discuss how the
scientists from the previous endophyte lessons were contributing to
theories for their fields.
Two weeks after setting experimental plots, students retrieve their seed
bags and are trained on how sort and sterilize the seeds that were
deployed and then how to place them on a culture to promote isolate
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growth.

Using previously prepared cultures, students are trained on how to
identify whether an isolate is fungal or bacterial and also how to make
basic observations about physical characteristics of the cultures.
Students are given time to think of hypotheses that they can test in
groups of 3 to four students. They are given additional time to research
background information pertaining to their project.
At this point in the module, students are taught how to find and use
freely available online templates to make research posters using
presentation software. They begin their research posters by adding
their title, hypothesis, and background information to the posters.
Students are shown how to classify isolates from the two experimental
plots. They use spreadsheet software to catalog their information.
Students sterilize and deploy seeds for their own experimental plots.
Data from the two example plots will be used as a control data set for
all student experiments.

Seed culture data sheet.xlsx

Students collect, sterilize, and culture the seeds from their seed bags.
At this time, a second review of the nature of science is given. Students
are given a handout with several content standards on the nature of
science.

Natureofsciencereflections.pdf

For each standard, students must discuss how their research relates to or
illustrates that specific standard.
Students are taught how to use averages and standard deviations to
conduct simple statistical analysis between experimental groups. They
are given time to construct graphs of their experimental data and add
them to their posters.
Students finish their posters and present them to class. The other
students in class make suggestions for revisions.
Students give formal presentations of their research. They also take the
post test over basic information on endophytes and questions relating to
the nature of science.

Pre and post test.pdf

Attachments: documents listed above.
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PreandPostTest.pdf
Seed Germination Research Project Pre/Post Test
1.

What types of activities do scientists (e.g., biologists, chemists, physicists, earth scientists) do to learn about
the natural world? Discuss how scientists (biologists, chemists, earth scientists) do their work.

2.

How do scientists decide what and how to investigate? Describe all the factors you think influence the work of
scientists. Be as specific as possible.

3.

A person interested in birds looked at hundreds of different types of birds who eat different types of food. He
noticed that birds who eat similar types of food, tended to have similar shaped beaks. For example, birds who
eat hard shelled nuts have short, strong beaks, and birds who eat insects from tide pools have long, slim beaks.
He concluded that there is a relationship between beak shape and the type of food birds eat.

a.

Do you consider this person’s investigation to be scientific? Please explain why or why not.

b.

Do you consider this person's investigation to be an experiment? Please explain why or why not.

c.

Do you think that scientific investigations can follow more than one method? Describe two
investigations that follow different methods? Explain how the methods differ and how they can still
be considered scientific.

4.

If several scientists, working independently, ask the same question and follow the same procedures to collect
data, will they necessarily come to the same conclusions? Explain why or why not.

5.

If several scientists, working independently, ask the same question and follow different procedures to collect
data, will they necessarily come to the same conclusions? Explain why or why not.

6.

Does your response to #5 change if the scientists are working together? Explain.

7.

Does your response to #6 change if the scientists are working together ? Explain.
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8.

What does the word “data” mean in science?

9.

What is involved in data analysis?

10. Is “data” the same or different from “evidence?” Explain.

11. Please give an example of how soil microbes influence other organisms in their ecosystems.

12. Explain how the various components of an ecosystem can influence other components of the ecosystem.

13. Please give an example of scientists contribute to theories through their research.

14. How you feel that the seed germination experiment helped you to gain a better understanding of the scientific
process?

15. Please rate your attitude toward pursuing a career/majoring in science with 1 being the lowest and 10 being the
highest (explain your reasoning):

16. What do you feel was the most beneficial aspect of the entire research project? Explain.
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Endophyte lesson.ppt
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Endophyte handout.pdf
Answer the following questions from the presentation:
1.

Describe several ways that microbial communities influence their ecosystems.

2.

Describe several types of symbioses that occur between microbial communities and other organisms.

3.

What is an endophyte?

4.

Explain the difference between horizontal and vertical transfer of endophytes.

5.

How can endophytes be beneficial to the plants that they inhabit?

6.

What is seed germination?

7.

How can endophytes influence seed germination?

8.

Describe one physical, chemical, and biotic factor within our study area that could influence the endophytes
that could be found within that area.

9.

What is a variable that your group could test using the experiment and materials described?

62

GenSeedBurial.SahuaritaHS.pdf
Seed-bag experiment
Arnold Lab, University of Arizona
Contact arnold@ag.arizona.edu before use in publication
This version: Ming-min Lee and Betsy Arnold, November 2016
Goals of this project: To collect seed-associated microbes from arid agricultural and unimproved soils in Arizona; to
catalog these microbes, to determine their effects on seed germination, and to analyze site metadata to discover any
patterns in positive and negative microbe-seed associations.
I. Seed Bag Construction
Purpose: To construct sterile seed bags for seed burial. Bags allow soil and microbes to contact seeds while excluding
insects and other arthropods that might damage seeds.
Number of bags: 18 bags per plot are required, along with two bags to be used as field controls and an additional two as
lab controls. We typically have 2 or 3 plots per site.
Materials:
 50μm polyester filter material (https://www.dudadiesel.com/search.php?query=%2Bpolyester+%2Bsheet)
 Scissors
 Rulers
 Staplers and staples
 Aluminum foil
 Laminar flow hood or alcohol burner
 Forceps, spoonulas, teaspoons etc.
 Infrared or bead sterilizer, or alcohol burner and ETOH for sterilizing tools
 Autoclave
 Seeds

1. Seed bags are constructed from 50μm polyester filter material cut into ~16cm x 10cm rectangles, folded in half and
stapled with staggered rows. (Leave the top open until filled with seed.)
 Staggering staples closes spaces that might allow seed predators to enter the bag
Correct:

Incorrect:

Final bag should be approximately 8cm x 10cm

8cm

10cm
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2. Wrap bags securely in foil and sterilize by autoclaving no more than 24 hours prior to filling with seed.
3. Fill bags under the hood or using sterile technique around an alcohol burner. Each bag receives 5 bean, 5 corn and 40
wheat seeds using sterilized implements. If native seeds or surface sterile seeds are to be used, see part IV, 4 (steps 2 &
3) for surface sterilization procedure.
4. Staple bags closed and re-wrap in foil to maintain sterility before removing from hood or moving away from alcohol
burner. Place rewrapped packets in clean container or Ziploc bags for transport. Lab control bags are to stay in the lab.

II. Burial
Purpose: To deploy seed bags at the chosen field site and to collect site metadata and field soils for analysis.
Materials:
 Measuring tape
 Pin flags
 Hand trowels and/or shovels
 Quart size Ziploc bags
 Sharpie
 GPS
1. In your site(s), delimit a 2 m X 1 m plot with pin flags and bury 18 bags in shallow holes (approximately 5 cm., but
deep enough to cover bags completely with soil).
2. From each corner of each plot, remove the top 1 cm of soil and any rocks or debris. Then collect ca. 1 liter of soil for
analysis (place in Ziploc bag). Label each bag with site name and a unique number, 1 through 4, along with the date and
names of collectors. Ex. “Mesquite-3 Sarah Chen 8 Nov. 2016”
3. Collect metadata using the provided datasheet.

III. Soil Processing
Purpose: To process and ship collected field soil for analysis by an independent laboratory (Motzz laboratory),
requiring 300 grams of dry sifted soil per sample.
Materials
 No. 10 sieve (mesh size 2mm)
 Trays
 Container for sifted soil
 70% ETOH
 Scale
 Quart size Ziploc bags
 Sharpie
 Paper towels
 Drying oven
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1. If soils are wet, dry them in a drying oven or spread in a thin layer (<2 cm) to air dry in clean, appropriately labeled
trays or weigh boats. Set aside sufficient material to achieve a final dry weight of ~315g sifted material.
2. Once soils are dry, pass through sieve and weigh. Discard large, unsifted particles. Work with samples from one site
at a time, being careful to label throughout and to remove all material from previous sample before processing a new
one. Wipe container and sieve with ETOH between sites. If soils are still moist after sieving, place in drying oven or
continue to air dry and reweigh.
3. Transfer ~315 g. of this processed soil to appropriately labeled Ziploc bags.
4. Soil is now ready to be mailed to laboratory for testing.

IV. Retrieval and Processing
Purpose: To retrieve previously buried seeds, surface sterilize and plate them under axenic conditions to isolate seed
associated microbiota.
Materials
 50ml centrifuge tubes
 Forceps, teaspoons, spoonulas or other implements
 ETOH burner
 95% ETOH
 0.5% Sodium Hypochlorite (from household bleach), made fresh
 70% ETOH
 Clean 100mm Petri dishes
 Laminar flow hood
 150mm 2% MEA Petri dishes
 Infrared or bead sterilizer, or flame and ETOH for sterilizing tools
 Parafilm
 Sharpies
1. After ~10 days, retrieve all bags and pin flags, remembering to return site(s) to as natural a state as possible
2. After arriving at the lab, carefully open each bag with scissors and remove all seeds from each bag into a
corresponding sterile 50mL centrifuge tube with clean implements.
 If you have 18 bags/site, you will then have 18 tubes per site, each containing the three seed types from their
respective bags.
3. Take notes on any changes to the seed contents such as germination or fungal growth in 1.) your laboratory notebook
2.) Project datasheet for the site (will be provided). Remember to specify site and bag number. Below is an example of
how these notes may be organized in your notebook:
Date processed: 14 XI
2016
Site
Bag #
CAC-Cotton 1
CAC-Cotton 2
CAC-Cotton 3

Your Name: Joe Smith
#C germ.
1
1
0

#S germ.
0
2
0

#W germ.
10
15
3

Comments
Wheat seeds with primary leaves
White fungus on soy seeds
Clean seeds
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4. Surface sterilize seeds:
• Empty contents of single tube into a petri dish, labeling dish with the respective bag #
• Fill with sterilant (as below) and swish vigorously with the lid in place. After the specified time, drain the liquid out
without opening the dish. When refilling dish between treatments, open the lid just enough to refill.
95% ETOH for 10 s.
0.5% Sodium hypochlorite for 2 min.
70% ETOH for 2 min.
Remove liquid by tipping dishes to the side and draining sterilant into the sink with the lid in place. This point is
especially important after the 70% ETOH wash. Transfer closed plates to laminar flow hood or other sterile work
environment.
 Take care not to lose any seeds when draining sterilant
 Sharpie is easily erased by ETOH, be mindful and relabel if necessary, or overlay with clear tape to protect
labeling
5. Under sterile conditions, tip open the lid and allow seeds to dry slightly (but not entirely) before arranging them on
150mm 2% MEA plates with sterile implements.
 Arrange seeds to maximize distance between them on the plate.
6. Label plates with site and bag number, date, and your initials. Seal plates with a double layer of Parafilm and allow
to germinate at room temperature in the dark for ~four days.
 Use caution when moving plates as seeds may roll.

V. Scoring and Isolation.
Purpose: to quantify presence of microbial growth on seeds; to obtain pure cultures, then identity them using molecular
biology.
Materials
 Laminar flow hood or alcohol burner
 Sterile toothpicks
 35mm plates with 2% MEA
 Parafilm
 Sharpie
1. After incubation period, score plated seeds by observing and recording the following for each replicate in each site:
How many of each type have germinated? What are their traits
How many of each seed type exhibit signs of fungal infection?
How many of each seed type exhibit signs of bacterial infection?
Are there any coinfections?
2. Once microbes have been identified and recorded, each one is recorded with an unique isolate number and transferred
(in a sterile environment) onto new media to be grown in pure culture.
3. When cultures have sufficient, axenic growth, duplicate water vouchers and a DNA voucher are created.
 Water vouchers are for long term storage of tissue materials that may be regrown.
 DNA vouchers will be used in PCR of the ITS region for sample identification.
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Data-sheet-SeedBagExperiment.xlsx
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Factvstheoryvslaw.pdf
Questions to accompany the video: Fact vs. Theory vs. Hypothesis vs. Law… Explained!
1.

What word do people usually mean when they use the word theory?

2.

Define hypothesis.

3.

Explain how a theory is different than a hypothesis.

4.

Why is it accurate to say that the vast majority of the time, scientists contribute to theories rather than making
theories?

5.

How is a law different than a theory?

6.

Is one more credible than the other? Explain.

7.

If a component of a theory is disproved, does that mean that the entire theory is wrong? Explain.
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Seed culture data sheet.xlsx
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Natureofsciencereflections.pdf
Student reflections on the nature of science
Please reflect on how you utilized each of the skills below during your research experience.
Nature of Science Skills:

Explanation of how we used this concept in the
seed germination experiment:

Scientific inquiry is characterized by a common set of
values that include: logical thinking, precision, openmindedness, objectivity, skepticism, replicability of
results, and honest and ethical reporting of findings.
The discourse practices of science are organized around
disciplinary domains that share exemplars for making
decisions regarding the values, instruments, methods,
models, and evidence to adopt and use.
Scientific investigations use a variety of methods, tools,
and techniques to revise and produce new knowledge.

Science knowledge is based on empirical evidence.

Science disciplines share common rules of evidence used
to evaluate explanations about natural systems.

Science includes the process of coordinating patterns of
evidence with current theory.

Science arguments are strengthened by multiple lines of
evidence supporting a single explanation.

Theories and laws provide explanations in science, but
theories do not with time become laws or facts.

Models, mechanisms, and explanations collectively
serve as tools in the development of a scientific theory.
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Scientists often use hypotheses to develop and test
theories and explanations.

Science is both a body of knowledge that represents a
current understanding of natural systems and the
processes used to refine, elaborate, revise, and extend
this knowledge
Science distinguishes itself from other ways of knowing
through use of empirical standards, logical arguments,
and skeptical review

Science knowledge has a history that includes the
refinement of, and changes to, theories, ideas, and beliefs
over time.

Individuals and teams from many nations and cultures
have contributed to science and to advances in
engineering.
Technological advances have influenced the progress of
science and science has influenced advances in
technology.
Source: APPENDIX H – Understanding the Scientific Enterprise: The Nature of Science in the Next
Generation Science Standards. Released April 2013
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