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ABSTRACT 

 

All terrestrial plants in natural and altered ecosystems form symbiotic relationships with 

microbes. The outcomes of these relationships can be detrimental or beneficial, depending on the 

confluence of plant genotypes, microbial genotypes, and environmental factors. This thesis 

focuses on the identification of beneficial microbes that infect seeds in the context of natural and 

altered environments, and describes how that topic can be used as a platform for a STEM-

focused outreach experience for high school students. I first examined the abundance, diversity, 

and composition of soilborne fungi that infect seeds of a restoration plant, focusing on gradients 

of land degradation at the Santa Rita Experimental Range (SRER) of southeastern Arizona. I 

tested the predictions that (1) beneficial microbes would differ as a function of land disturbance, 

and (2) such effects of disturbance would be mitigated by plant cover. I identified a set of 

potentially beneficial microbes that may be used in revegetation strategies in disturbed soils. I 

then translated this experimental approach to form the centerpoint of a multidisciplinary outreach 

program, which I developed and implemented as an immersive summer program that combines 

scientific investigation with outreach to underrepresented youth in STEM. Thus this thesis 

addresses both a scientific question of applied significance as well as a societal need for training 

and diversification in STEM. 
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INTRODUCTION 

 

The broad field of microbiome research is rapidly growing in importance and impact, in large 

part because of the growing understanding that microbes associate with all forms of multicellular 

life (Kurokawa et al., 2007; Van der Heijden et al., 2008). Such associations often manifest as 

symbioses (defined here as the living together, in close proximity, of two unlike organisms; de 

Bary, 1879). 

Symbiotic relationships are crucial for the health of all macroscopic organisms, including 

humans, other animals, and plants (Ruby et al., 2004). The diverse microbes that form symbioses 

with plants, including viruses, bacteria, and fungi, can include antagonistic species (e.g., plant 

pathogens), which are costly in terms of economic and ecological impacts (Pimentel et al., 2001). 

However, some plant-associated microbes have positive effects (Chen & Nelson, 2008; Hubbard 

et al., 2012): they can improve water relations, mitigate effects of abiotic stress, protect against 

disease, and in some cases, increase seed germination and establishment (Rodriguez et al., 2009). 

Many plant-symbiotic microbes have a free-living stage in soil, such that soilborne microbial 

assemblages can include microbes that can colonize plant organs such as seeds (Sarmiento et al., 

2017). Understanding the distributions, diversity, and impacts of such microbes on plants is 

important not only for understanding the function of natural ecosystems, but also for 

understanding how such ecosystems can respond to change. As ecosystems shift in composition 

and function due to the direct impacts of human activity and the broader influence of climate 

change, remediation often is needed to restore damaged plant communities. One important area 

of focus is revegetation – that is, how to re-establish plants in damaged ecosystems and foster 

ecosystem recovery (Harrington, 1999; Requena et al., 2001; Foster et al., 2007).  
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Disturbance and revegetation 

Ecological disturbances can result from many causes, including natural disasters, disease 

outbreaks, the spread of invasive species, changes in fire- and weather regimes due to climate 

change, and direct human uses of land or resources (Aronson et al., 1993; Zabinski & Gannon, 

1997; Young et al., 2005). Such disturbances often impact plant communities, leading to 

outcomes such as the death of individual plants, local extirpation of plant populations, changes in 

plant community structure, denuding of soil, soil degradation, and in some cases, challenges in 

establishing plants anew (Turner et al., 1998; Vitousek, 2006; Pickering, 2010; Requena et al., 

2001). These adverse changes create a domino effect in which organisms that interact with 

plants, including macroscopic and microscopic organisms, are influenced negatively (Zabinski & 

Gannon, 1997). Many studies focus on large-scale changes in ecosystems as a result of 

disturbance (Turner et al., 1998; Vitousek, 2006), but relatively very few studies have looked at 

the effect of a disturbance at a microbial scale, specifically with regard to the ways in which 

plant-microbe interactions may be impacted and influence revegetation efforts (Pickering, 2010; 

Kariuki, 2017).  

Because many plants benefit from microbial symbionts, it is important to integrate 

microbial perspectives into revegetation efforts. This may be especially important in semi-arid 

regions, where relatively dry conditions and limited soil nutrients, especially after disturbances, 

can limit plant re-establishment (Requena et al., 2001). In semi-arid regions such as the 

grasslands and woodlands of southern Arizona, activities such as camping represent a small-

scale disturbance that ranges from intense (at the center of camping areas) to mild, diminishing at 

the campground edges (Kariuki, 2017). Such gradients can help to inform the effect of small-
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scale disturbance on microbes, and ultimately can inform future revegetation strategies by 

identifying beneficial microbes for seed germination, early seedling establishment, and 

successful outplantings. In this thesis I use disturbance gradients centering on campgrounds at 

the Santa Rita Experimental Range as a framework to evaluate how disturbance influences the 

recruitment of soilborne microbes to seeds of a revegetation plant, an important first step in an 

integrative framework for revegetation. I then adapt my experimental framework to engage 

students at the high school level in this and related research questions, with the long-term aim of 

contributing to training and appreciation for scientific research and its important applications. 

 

Engaging the next generation of scientists 

Microbiome research and restoration ecology combine many disciplines in Science, Technology, 

Engineering, and Mathematics (STEM) and can foster new cross-discipline learning 

opportunities (Barberán et al., 2016; Miller et al., 2017; Rubin et al., 2018). These connect 

directly with public interest due to the importance of microbes in disease, sustainability, food 

safety, and related fields (Novacek, 2008). However, microbiome science is rarely represented in 

the pre-college education system of the United States, which is geared more strongly toward the 

core subjects of English, language arts, and mathematics (Berliner, 2011). Given the many needs 

in society for scientific literacy, there is a need to engage rising generations in scientific thinking 

and to engage diverse young people in scientific activities. This need has been filled in part by 

education and research groups at universities with programs to help engage students in scientific 

fields (Honey & Kanter, 2013: Krishnamurthi et al., 2014). High school students are the next 

population to step into the workplace and are ideal candidates for increased exposure to scientific 

thinking (Markowitz, 2004). Previous studies have found that increased science literacy and 
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engagement can yield better study habits, enhance critical thinking skills, and motivate students 

to pursue meaningful careers (Dubetz & Wilson, 2013; Honey & Schweingruber, 2014). Thus 

high school students are an important target group for scientific outreach and engagement, and 

the skills that they can learn through microbiome science as it relates to applied plant ecology are 

diverse, marketable, and important (Bascom-Slack et al., 2012).  

For these reasons, we modified my experimental design on seed-associated microbes and 

disturbance to develop an engaging STEM-focused outreach experience for high school students. 

This program (Biotechnology Lab for Arizona Students and Teachers (BLAST)) was 

implemented as an immersive summer experience and details of its structure, along with all main 

activities, are provided as a portion of this thesis. 

 

EXPLANATION OF THESIS FORMAT 

 

 The broad goals of this thesis are to expand knowledge of seed-associated microbes by 

characterizing microbial communities recruited to seeds of a restoration plant, thus providing a 

basis for informing revegetation strategies in a semi-arid environment. Specifically, I aim to 

relate the ecological impacts of land disturbance to the associations of soilborne microbes with 

seeds. Furthermore, I aim to translate my research into learning modules for high school students 

through an immersive outreach experience. My work is organized into two appendices. 

In Appendix A, I examine the abundance, diversity, and community composition of seed-

associated microbes recruited to seeds of a restoration plant at the Santa Rita Experimental 

Range (SRER). My study assesses the effect of land disturbance due to camping on microbial 

recruitment to seeds in a field setting. This work allows us to understand better the influence of 
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disturbance on positive associations between seed-associated fungi and seeds, which can 

potentially inform revegetation strategies of disturbed soils.   

In Appendix B, I describe an immersive summer program that combines scientific 

investigation with outreach to underrepresented youth in Science, Technology, Engineering, and 

Mathematics (STEM). I provide an overview of learning objectives for students, the subject 

material taught, and integrated mentorship and teaching opportunities. I describe weekly 

modules and the student experience, highlighting summative, formative, and informal program 

assessment methods for the program. Finally, I describe potential adaptation of the program for 

different learning environments and provide examples of all protocols and student materials used 

in the program.  
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Abstract  
 
Premise of study: Understanding local distributions of soilborne microbes that interact with 

plants is important for informing revegetation approaches in disturbed sites. We examined 

soilborne fungi that infect seeds of a restoration plant by deploying seeds into soil along land 

disturbance gradients in the Santa Rita Experimental Range (SRER) of southeastern Arizona. We 

tested two predictions. (1) Potentially positive associations between seed-associated fungi and 

seeds – defined by the presence of a detectable microbial infection coupled with successful 

germination – would differ as a function of land disturbance, decreasing in frequency as land 

disturbance increased. (2) Such effects of disturbance would be mitigated by plant cover.  

Methods: Seeds of Seco barley (Hordeum vulgare L. var. Seco) were placed in mesh bags and 

buried in plots in disturbed, intermediately disturbed, and undisturbed zones in each of three 

areas in SRER that were impacted by campground establishment. Paired plots in each zone were 

located in open areas and in areas under the canopy of mesquite trees (Prosopis velutina). Seeds 

were retrieved after 10 days, surface-sterilized, and evaluated for fungal colonization and 

germination. Fungi were characterized by DNA barcoding, and soil chemistry was evaluated for 

each plot.   

Key results: Land disturbance was associated with a reduction in the incidence and richness of 

soilborne fungi that infected seeds of Seco barley. Seeds that were exposed to soil in undisturbed 

zones were fourteen times more likely to be infected and germinate (i.e., to have a potentially 

positive association) relative to those in disturbed zones, whereas effects of mesquite cover and 

soil chemistry were limited. 

Conclusions: Land disturbance was associated with less frequent fungal infections, lower fungal 

richness, and a lower frequency of seed germination following fungal infection. Incorporating 
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microbes from undisturbed soils may be effective for improving seed germination and fostering 

potentially important plant-fungal symbioses in revegetation efforts. 

Keywords: Ascomycota, diversity, disturbance, germination, grassland, Hordeum, mesquite 

 

Introduction 

Arid and semi-arid ecosystems account for about one-third of the earth's land surface area and 

are home to nearly 40% of the human population (DeFries & Townshend, 1994; Millennium 

Ecosystem Assessment, 2005; Reynolds et al., 2007). In the southwestern U.S., semi-arid 

ecosystems are susceptible to environmental degradation brought about by shifting climate and 

land disturbance by human activities (Reynolds et al., 2007; Kissling et al., 2009). These 

environmental impacts can decrease vegetation cover, aid the spread of invasive plants, and 

increase recovery time of ecosystems to disturbance (Young et al., 2005; Pickering, 2010; 

Newsome et al., 2014).  

Native and non-native grasses dominate many arid and semi-arid regions and are 

important for limiting soil degradation and erosion (Li et al., 2007; Zuo et al., 2009). For these 

reasons, grasses have been the focus of many remediation strategies for damaged soils 

(McClaran et al., 2003). Remediation of damaged areas can be challenging because water can be 

seasonally scarce, primary productivity is limited, and disturbances from fire and invasive 

species are common (Gebhardt et al., 2015; Lehr, 2018). One strategy to manage these stresses 

and aid in remediation is to improve the establishment of plants via benefits of plant-microbe 

symbioses.  

Symbiotic microbes associate with all major lineages of terrestrial plants (Carroll & 

Petrini, 1983; Werner, 1992). Although some associations can be detrimental to plants (e.g., by 
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causing disease), others are beneficial: they can improve plants’ water relations and stress 

tolerance, protect plants against disease, and increase seed germination and establishment 

(Rodriguez et al., 2009). Many plant-symbiotic microbes have free-living stages in soil, such that 

soilborne microbial assemblages can represent a major source of microbes that can colonize 

structures such as seeds (Torres-Cortés et al., 2018). Soilborne microbes that infect seeds can 

foster germination and successful establishment in the context of stressors such as high salinity, 

competition, pathogens, and drought all of which can be important in semi-arid lands (Chen & 

Nelson, 2008; Hubbard et al., 2012).   

Several studies in semi-arid regions have used stress tolerant seeds and seedlings to 

increase plant establishment and ecosystem health (e.g., Aronson et al., 1993; Morrison & 

Lindell, 2011). Most remediation strategies include high volume plantings of seeds or seedlings 

of native plant species (Chambers, 2000; Cione et al., 2002). However, these remediation 

strategies rarely consider the relevance of plant-associated microbes (Pickering, 2010; Newsome 

et al., 2014). Semi-arid regions with a combination of healthy soil and minimal disturbance 

generally have robust microbial communities (Köberl et al., 2011), but little is known regarding 

microbial communities of highly disturbed soils in such regions.  

One remediation strategy used for disturbed soils in semi-arid regions is to breed stress-

tolerant plants with the ability to cope with low water availability (Araus et al., 2002). For 

example, Seco barley (Hordeum vulgare L. var. Seco), a one-irrigation barley, was released by 

The University of Arizona in 1987 to control wind erosion, generate green manure, and stabilize 

damaged soils (Anonymous, 2014). Seco barley has a deep rooting potential, which aids in the 

recovery of compacted soils (Anonymous, 2014) and may facilitate interactions with microbes. 
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However, little is known about microbial associates of Seco barley, seeds of which are often 

applied to damaged landscapes in southeastern Arizona (e.g., McClaran et al., 2003). 

One such area is the Santa Rita Experimental Range (SRER), a ca. 21,000 ha research 

range located ca. 80 km south of Tucson, AZ, USA (McClaran et al., 2002). SRER includes 

grassland areas that are frequently used for recreational camping (McClaran et al., 2003). 

Because there are no centralized camping facilities, campgrounds often are established 

opportunistically and can persist and expand as subsequent visitors use them (McClaran et al., 

2013). Each campground represents a gradient of disturbance: disturbance is intense and frequent 

at the center and diminishes toward the campground edges, where vegetation is more common 

and soils are less visibly damaged (Kariuki, 2017). In undisturbed areas of much of the SRER, 

grass provides the primary vegetation (especially Eragrostis lehmanniana), with Prosopis 

velutina (velvet mesquite) occurring irregularly across disturbed and undisturbed sites. Soil 

nutrients and organic carbon typically are richer under mesquite canopies compared to exposed 

soils and may influence microbial communities (Carrillo Garcia et al., 1999), and subsequently 

plant establishment (Requena et al., 2001), in these disturbed sites. 

The goal of this study was to examine colonization of Seco barley seeds by soilborne 

fungi in the context of disturbance gradients in SRER. To do so, we placed seeds of Seco barley 

in mesh bags and buried the bags in plots in disturbed, intermediately disturbed, and undisturbed 

zones in each of three areas in SRER impacted by campground establishment and use. Plots in 

each site and disturbance zone were located in open areas and in areas under the canopy of 

mesquites. Seeds were retrieved after 10 days, surface-sterilized, and evaluated for fungal 

colonization and germination. Fungi were characterized by DNA barcoding and soil chemistry 

was evaluated for each plot. We tested the predictions that (1) positive associations between 
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seed-associated fungi and seeds – defined by the presence of a detectable microbial infection 

coupled with successful germination – would differ as a function of land disturbance, and (2) 

such effects of disturbance would be mitigated by mesquite cover, as the areas under mesquite 

canopies in this region have been shown previously to modulate soil conditions (Lehr, 2018).  

 

Methods 

The field portion of this study was conducted in March 2018 at SRER (31.784°N, 110.825°W). 

SRER has over 100 years of history as a major study site for grassland ecology, rangeland 

management, and related areas of inquiry (McClaran et al., 2003). SRER ranges in elevation 

from 900 to 1,300 m. Average annual precipitation ranges from 250 to 500 mm per year and the 

mean annual temperature is 16 °C (McClaran et al., 2002). Approximately 50-60% percent of 

rainfall occurs between July and September during the monsoon season (Adams & Comrie, 

1997). A total of 102 species of trees, shrubs, and grasses have been documented at SRER 

(McClaran et al., 2002).  

We focused on the grassland portion of SRER, where we chose three study sites within 

an area encompassing ca. 13 km2. Each site contained a campground established by recreational 

visitors. Campgrounds ranged in size from 0.29 ha to 0.42 ha (Table 1). At each campground we 

designated three zones representing a gradient of disturbance (Figure 1): a disturbed zone 

(intense and consistent human activity, where damage from camping, fires, and driving was 

evident); an intermediate zone (not in use and lying between the disturbed zone and the 

undisturbed zone); and an undisturbed zone (no evident damage due to human activity) (see 

McClaran, 2013; Kariuki, 2017). In each zone we selected one location beneath the canopy of a 
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mesquite and one location in an open, exposed area. We established one plot (1 m X 1 m) per 

location, for a total of 6 plots per campground and 18 plots overall.  

 

Field experiment 

We obtained seeds of Seco barley from the SDA-Natural Resources Conservation Service, 

Tucson Plant Materials Center, Tucson, AZ. Seeds were surface-sterilized by agitating 

sequentially in 95% ethanol for 10 sec, 10% bleach (0.5% NaOCl-) for 2 min, and 70% ethanol 

for 2 min (Arnold et al., 2007). Seeds then were surface-dried under sterile conditions and placed 

into mesh bags (10 seeds/bag). The mesh bags (5 cm X 8 cm) were constructed of 50 μm mesh 

(Duda Energy LLC, USA) and sterilized by autoclaving. Into each bag we also placed open-

sourced seeds of wheat (Triticum aestivum var. Sonora white and Triticum aestivum var. Turkey 

red: 20 seeds of each variety/bag) to provide a comparative context for our results regarding 

Seco barley (see Supplementary Information). Bags were wrapped in aluminum foil and stored in 

plastic bags for no more than 24 hours prior to deployment.  

We buried nine bags in each plot. Bags were placed at ca. 18-20 cm intervals and buried 

at a depth of ca. 5 cm. Two additional bags were used as controls for each plot. One was a field 

control, which was exposed to the air but not to the soil; the second was a laboratory control, 

which never left the laboratory (Hamzazai et al., 2019). Overall, 1,980 Seco barley seeds were 

included in the experiment.   

 

Soil chemistry analysis 

Soil samples were collected at a depth of 5 cm from each corner of each plot. Surface debris was 

removed before soil collection. Samples from a given plot were combined and mixed thoroughly 
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into a single sample for each plot, from which 300 g was procured for analysis (n = 18 samples). 

Each soil sample was dried at 23 °C for 4 d and then sieved through 2 mm mesh prior to 

chemical analysis by Motzz Laboratories (Phoenix, AZ, USA). 

 

Seed processing 

Bags were retrieved 10 days after deployment. All control bags and buried bags were processed 

at the same time and in the same manner. Seeds were removed from bags, sorted by species and 

variety, surface-sterilized and surface-dried as above, and placed on 2% malt extract agar (MEA) 

in 100 mm Petri plates (10 seeds/plate for barley; 20 seeds/plate for wheat). Plates were sealed 

with Parafilm and incubated in a dark cabinet at room temperature (ca. 21.5°C) for 10 days. 

Plates were checked daily for germination and microbial growth. Emergent fungi and bacteria 

were isolated and stored in 50% glycerol (bacteria) or sterile water (fungi) as living vouchers at 

the University of Arizona (accession numbers available on request from senior author). As fungi 

were 4.2 times more common in our surveys relative to bacteria (see Results), we focused our 

analyses on fungi. 

 

Molecular methods 

We extracted total genomic DNA from each fungal isolate with the RedExtract-N-Amp plant 

PCR kit (Sigma-Aldrich, St. Louis, Missouri, USA) following the manufacturer's 

instructions. The nuclear ribosomal internal transcribed spacers and 5.8S region (ITS rDNA) and 

an adjacent portion of the nuclear ribosomal large subunit (LSU rDNA) were amplified as a 

single fragment by PCR following Shaffer et al. (2016) with primers ITS1F and LR3 (Gardes & 

Bruns, 1993). PCR conditions followed U'Ren et al. (2010). PCR products were visualized by 
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staining with SYBR Green I (Molecular Probes, Invitrogen; Carlsbad, CA, USA) after 

electrophoresis on a 1% agarose gel.  

We used restriction fragment length polymorphism (RFLP) analyses on all positive PCR 

products to identify unique banding patterns that represented distinctive genotypes, from which 

we then chose representative isolates for sequencing. Methods followed Chen et al. (2018) and 

Oono et al. (2015). Briefly, each PCR product was subjected to restriction enzyme digestion by 

MspI (Thermo Scientific, ER0541). One to five representatives of each unique banding pattern 

were selected. Their PCR products were cleaned with ExoSAP-IT (Affymetrix, Santa Clara, 

California, USA) and were sequenced with the BigDye Terminator v3.1 Cycle Sequencing Kit 

(Applied Biosystems, Foster City, California, USA) on the Sanger platform at the University of 

Arizona Genetics Core. We used the software applications phred and phrap with orchestration 

by Mesquite v. 2.01+ (http://mesquiteproject.org/) to call bases and assemble contigs (Ewing & 

Green, 1998; Ewing et al., 1998). We edited sequences for quality in Sequencher v.5.1 (Gene 

Codes Corp., Ann Arbor, MI, USA). Sequence data were assembled into operational taxonomic 

units (OTU) on the basis of 99% sequence similarity (Vu et al., 2019) in TBAS (Carbone et al., 

2016). We used 99% OTU similarity due to the high genetic similarity of species within the 

genera of this study (Karlsson et al., 2016). These OTU codes were then applied to the isolates 

with each corresponding RFLP pattern and the entire data set was analyzed as described below. 

 

Seed traits 

We characterized seed traits for seeds that were not deployed but that came from the same seed 

lots. Seed mass was determined by weighing seeds on a Sartorius ac1205 balance (n = 100 

seeds/type). We used a Leica S8AP0 dissecting scope calibrated with a micrometer (TS-M1) (n = 
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100 seeds/type) to measure length and width of seeds. We then cut each seed in half with a 

sterile scalpel and measured seed coat thickness for one seed half under the dissecting scope, 

with measurements by ImageJ v. 1.50i. The other half of each seed was used to measure viability 

via tetrazolium staining (see Kittock & Law, 1968; Sarmiento et al., 2017). To evaluate sugar 

content, we soaked six sets of 25 seeds of each type in sterile water for 48 h, ground each seed 

set to a pulp with a mortar and pestle, and measured sugar content with a Brix refractometer (0-

32%) following Broadhead & Freeman (1980). We measured water uptake (imbibition) for each 

of 50 seeds/type by soaking seeds in sterile water in a Petri dish. Seeds were removed at intervals 

(1, 2, 3, 4, 6, 8, 12, 24, and 28 hours), blotted dry, weighed, and immediately returned to the 

water-filled Petri dish to continue imbibition (Clarke, 1980; Nakayama & Komatsu, 2008). 

 

Statistical analysis  

We conducted a multiple regression analysis with the percent of seeds with an observed fungal 

infection (i.e., fungal growth was visible in culture after surface-sterilization and plating) as the 

response variable. We used the following explanatory variables: degree of disturbance 

(disturbed, intermediate, and undisturbed), mesquite cover (canopy cover or exposed area), and 

soil chemistry, with site included as a random variable. We included a disturbance X mesquite 

interaction term because we anticipated that the relevance of mesquite cover could differ from 

low to high-disturbance zones. Soil chemistry data (17 soil characteristics, Table 2) were 

checked for outliers and integrated into a principal component analysis (PCA) to generate a 

single vector that described most of the variation in soil chemistry (65.1%). We ran the same 

model for subsequent analyses of percent germination and the percent of seeds that had a 

detectable fungal infection and germinated successfully. Prior to each analysis, the data were 
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logit-transformed in JMP 13.0.0. We used non-metric multidimensional scaling (NMDS) to 

visualize communities of fungi as a function of disturbance, which we then analyzed statistically 

via analysis of similarity (ANOSIM). NMDS and ANOSIM were conducted in PAST 

(http://folk.uio.no/ohammer/past/). 

 

Results 

We obtained 249 fungal isolates and 59 bacterial isolates from Seco barley seeds (Supplementary 

Information). Fungal and bacterial infections were observed in seeds from every plot. The 

overall colonization frequency (i.e., percent of seeds with a detectable infection) was 12.6% for 

fungi (SD = 3.3%) and 2.9% for bacteria (SD = 1.7%). We also obtained a total of 367 fungal 

isolates and 206 bacterial isolates from Sonora wheat and Turkey wheat; these are described in 

the Supplementary Information.  

Two seeds were infected by a fungus (Cladosporium sp.) in field controls, but no fungi 

were observed in seeds from laboratory controls. The corresponding OTU were removed from 

the data set prior to analysis. 

The frequency of colonization (i.e., the percent of Seco barley seeds with a detectable 

fungal infection) differed as a function of land disturbance, but not as a function of mesquite 

cover, the disturbance X mesquite interaction, or soil chemistry (Table 3A; model R2 = 0.79). 

Colonization frequency was greatest in the undisturbed zones and lowest in the disturbed zones 

(Figure 2). 

A total of 13 fungal OTU were obtained from seeds of Seco barley. These all were 

Ascomycota, including members of the Sordariomycetes, Dothideomycetes, and Leotiomycetes.  
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Fungal richness differed as a function of land disturbance and mesquite cover (Figure 3). 

The highest richness overall was observed in open soils in the undisturbed zones. Seven OTU 

were present in the undisturbed zones but not in the disturbed zones (corresponding to 

Rutstroemia firma, Fusarium polyphialidicum, Curvularia geniculata, Curvularia sp., Alternaria 

sp., and two additional, distinct isolates of Fusarium). One common OTU (OTU0 - Fusarium 

sp.) was found in all settings regardless of land disturbance or mesquite cover (Figure 3). 

Fungal communities differed significantly as a function of land disturbance and 

secondarily by mesquite cover (Figure 4). The intermediate zone fell between the disturbed and 

undisturbed soils and was removed from the analyses. Prior to conducting the NMDS, outliers 

were removed: one from mesquite canopy in disturbed soils and one from exposed soil in 

disturbed soils. 

Overall, germination of Seco barley in vitro did not differ as a function of any of the 

explanatory variables assessed here (i.e., disturbance, mesquite canopy, the disturbance X 

mesquite canopy interaction, or soil chemistry) (Table 3B; Figure 5A). However, the frequency 

with which seeds demonstrated an infection and germinated successfully differed as a function of 

land disturbance (Table 3C; model R2 = 0.85). Seeds that had been exposed to soil in undisturbed 

zones were 14 times more likely to be infected and germinate in vitro than seeds that had been 

placed in the disturbed zones (7.2% vs. 0.05%, respectively). This did not differ as a function of 

mesquite cover (Figure 5B). These patterns were consistent with hierarchical clustering of soil 

chemistry based on similarity of soil characteristics (Figure 6). 

 

Discussion 
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We evaluated the recruitment of soilborne microbes, especially fungi, to seeds of Seco barley 

along a gradient of disturbance in campgrounds in a semi-arid experimental range. The impacts 

of disturbance were observed in terms of the abundance, diversity, and composition of fungi that 

colonized seeds deployed in the field. Consistent with our primary prediction, we found 

disturbance from campground establishment decreases the incidence of potentially positive 

associations between fungi and seeds of this regionally-important restoration plant. In contrast to 

our second prediction, positive associations were not influenced by mesquite cover, though 

mesquite cover was associated with differences in fungal communities and soil chemistry. 

Previous studies have evaluated either fungal communities recruited to seeds (Gallery et al., 

2007; Dalling et al., 2010) or the effects of disturbance on microbial assemblages (Zabinski & 

Gannon, 1997; Chambers 2007), but not the influence of disturbance on soilborne microbes 

recruited to seeds. Thus this study fills a gap in our understanding of such associations. 

Overall, we found the incidence of microbial infections of field-deployed seeds was 

relatively low, although markedly higher than in control seeds. This is consistent with infection 

of seeds by soilborne microbes (Ridout et al., 2019). Low colonization frequency of seeds in our 

plots may reflect the short duration of field exposure (10 days) and the fact we retrieved seeds 

prior to the onset of germination. It is also possible that broader disturbances beyond 

campground establishment (e.g., establishment of the nonnative grass, E. lehmanniana) or the 

aridity of the region could drive the low colonization frequency observed here. The latter 

interpretation is supported by the observation that isolation of fungi from leaves, such as 

endophytes, in this broad region is similarly infrequent (U’Ren et al., 2010). It is also possible 

that the fungi or other microbes colonizing seeds were not always culturable (see below). 
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Our results show that colonization frequency and fungal diversity in Seco barley seeds 

differed as a function of disturbance, but that overall, mesquite canopy cover and soil chemistry 

were not as influential (see Figure 3). Previous work at SRER showed that the soil beneath 

mesquite canopies was consistently more fertile than soil outside of the canopy (Lehr, 2018), 

which could affect soil microbial community composition. However, although soil chemistry 

differed among sites and as a function of disturbance and mesquite cover, the frequency of 

potentially positive associations was not influenced by mesquite trees. This result suggests soil 

compaction and potentially the depletion of organic material, rather than changes in soil 

chemistry and cover per se, may be the most important aspect of disturbance in terms of impacts 

on seed-associated microbes. Soil compaction may reduce the water-holding capacity of soils 

(Pickering, 2010; Newsome et al., 2014), which may in turn affect fungal communities directly 

(Herrera et al., 2011). Reduced water-holding capacity also can occur when there is limited 

organic matter (Minasny & McBratney, 2018), consistent with the soils in our study sites. 

Overall the soils observed have relatively low electrical conductivity and pH while also having 

high levels of calcium, typical of soils in many semi-arid areas (Smith et al., 2002). Sandy soils 

in conjunction with low pH and limited organic matter may impact the formation or re-

establishment of soil microbial communities (Lauber et al., 2008), and subsequently, 

establishment of seedlings (Gebhardt, 2015). However, it seems that the amount of variation in 

these aspects of soil chemistry was not sufficient here to lead to marked differences in seed-

fungal associations as a function of disturbance or cover. This interpretation is supported further 

by evidence that soil chemistry varied more strongly among sites than as a function of land 

disturbance or mesquite cover (see Figure 6).  
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Previous studies have found soil microbial community composition varies seasonally 

(Lauber et al., 2013). Because we deployed at a single point in time, we may not have captured 

all positive associations in our sites. Seasonal effects might also explain the results obtained for 

Sonoran wheat and Turkey wheat, for which deployment in a more appropriate growing season 

may be informative in future work.  

Overall we found that the results for Seco barley were not always representative of the 

other plant taxa considered here. Colonization frequency of seeds of Sonora wheat was 

associated with disturbance, as for Seco barley, but that association was not observed for Turkey 

wheat (see Supplemental Materials). Differences among the plant taxa considered here also were 

observed with respect to the relationship between soil chemistry and percent germination of 

Sonoran wheat seeds, as that association was not observed in Seco barley or Turkey wheat. Thus 

we note that our interpretation of our results with respect to Seco barley should focus only on 

that plant variety, with limited extrapolation to other plant taxa or plants with other traits. In the 

future we can explore the relationship of seed traits to these results (see Supplemental Materials), 

as well as the viability of agricultural plants (such as these wheat varieties) in the conditions 

present at SRER, but conclusions are premature at this time. 

Fungi of Seco barley that were observed in undisturbed soils, but not disturbed soils, 

included strains of Rutstroemia, Fusarium, Curvularia, and Alternaria. Known species of these 

genera often are cosmopolitan, especially in temperate regions (Crous et al., 2004). The OTU 

unique to undisturbed soils suggests a potentially non-random shift in soilborne microbial 

community composition following disturbance, to be investigated in future work.  

Although some Fusarium and Alternaria species are pathogenic in many crop systems, 

we do not yet know how the specific strains isolated here might interact directly with seeds. 
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Conversely, Fusarium and Alternaria strains also have been isolated from asymptomatic plant 

tissue from diverse plant species (Fisher & Petrini, 1992; Lofgren et al., 2018; Ridout et al., 

2019), with their positive and detrimental effects often shaped by environmental conditions 

(Lofgren et al., 2018). We propose the strains isolated here, when common in seeds that 

germinated successfully, may be beneficial to seeds under our experimental conditions. We 

propose that this should be tested in the future with direct inoculation experiments.  

Fungi recruited to barley and wheat seeds included fast-growing genera whose 

domination on isolation plates may have reduced the likelihood of isolating slower-growing 

fungi. Methods such as selective media and addition of fungicides specific to Fusarium or 

Alternaria could enhance isolation of slower-growing fungi (Niaz & Dawar, 2009). We suggest 

applying culture-free methods to complement the culture-based study we conducted, as such 

approaches can capture diverse fungi in some cases that are not observed in culture-based 

studies. Ridout et al. (2019) found culture-based and culture-free methods revealed similar 

communities of fungi recruited to seeds, suggesting that the methods used here are sufficient. 

However, an independent check via a culture-free study would be valuable for evaluating how 

effective a culture-based study can be, under the conditions outlined here, in capturing the full 

fungal community recruited to seeds of barley and wheat. Importantly, a culture-based approach 

such as that used here has the advantage of yielding strains of microbes that can be used in 

subsequent experiments to test their direct effects on seeds.  

The frequency of seed germination in this experiment was low relative to expectations for 

both barley and wheat. Thus during exposure to soil or subsequent growth in vitro, ideal growing 

conditions of the seeds likely were not met. Barley and wheat are winter crops, which flourish in 

cold temperatures and can be grown between December to April depending on elevation in 
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Arizona (Ottman, 2004). We deployed our seeds during the optimal planting period of Seco 

barley (per growing instructions), in which the seeds become metabolically active and thus are 

thought to form microbial associations (White et al., 2019).  However, the deployment was near 

the end of the growing season and temperatures were warmer than preferred (between 25-28 °C). 

Cooler temperatures were typical of the in vitro germination assessments, but it is possible that 

longer germination trials or different germination conditions could have been more effective. 

Finally, via tetrazolium staining we also observed that seed viability in our seed lots was lower 

than reported on seed packaging for both barley and wheat. Thus future work should confirm 

initial seed viability prior to beginning this kind of field experiment, and then consider exposure 

time, climate conditions, and the conditions under which seeds are germinated in vitro, to 

maximize germination and ensure that germination data are robust. 

 

Conclusions 

Disturbance due to campground establishment in a semi-arid grassland was associated with 

fewer fungal infections of seeds, lower richness of fungi in seeds, and less frequent germination 

following fungal infection. These findings show that disturbance has an impact at a microbial 

level and ultimately, a potential influence on restoration strategies. We predict that the benefits 

of positive associations from undisturbed soils found in this study may be employed as an 

effective means to improve germination and establishment of plant-fungal symbioses in future 

revegetation efforts. Future work will aim to evaluate the effect of positive-associated microbes 

on seed establishment and growth in vitro and under field conditions.  
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Table 1. Campground information. Campground area, latitude, longitude, and elevation at the 

Santa Rita Experimental Range, Arizona.  

 

Sites 
(Campgrounds) 

Area 
(ha) Latitude Longitude Elevation (m) 

A 0.31 31.8046489 -110.9099768 1041 

B 0.29 31.8125829 -110.8507908 1173 

C 0.42 31.7711648 -110.8487232 1278 
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Table 2. Soil characteristics as a function of land disturbance and mesquite cover at SRER. 

Data represent 10 samples from below mesquite canopy and exposed soils in disturbed and 

undisturbed soils — four from site A, four from site B, and two from site C. Two relatively 

extreme outliers from site C were removed from the data (below mesquite canopy in disturbed 

and undisturbed soils). 

 Disturbed Undisturbed 

Soil Characteristics  Mesquite Canopy Exposed Soil Mesquite Canopy Exposed Soil 

 Mean St dev Mean St dev Mean St dev Mean St dev 

pH (SU) 6.40 0.20 5.43 0.17 5.15 0.35 5.47 0.13 

Electrical conductivity (dS/m) 0.11 0.05 0.06 0.01 0.08 0.01 0.11 0.07 

Calcium, Ca (ppm) 500.00 10.00 410.00 110.15 295.00 35.00 450.00 180.37 

Magnesium, Mg (ppm) 58.50 4.50 115.67 62.25 60.50 4.50 106.67 51.82 

Sodium, Na (ppm) 14.50 2.50 12.67 0.67 12.00 1.00 13.00 1.00 

Potassium, K (ppm) 105.00 5.00 130.67 55.44 75.00 15.00 204.67 132.91 

Zinc, Zn (ppm) 0.61 0.09 0.50 0.02 0.39 0.03 1.06 0.45 

Iron, Fe (ppm) 7.45 1.65 11.63 1.79 10.90 2.10 13.23 2.91 

Manganese, Mn (ppm) 11.50 1.50 19.00 1.00 17.00 6.00 21.67 6.17 

Copper, Cu (ppm) 1.20 0.20 1.37 0.20 1.24 0.27 1.54 0.50 

Nickel, Ni (ppm) 0.10 0.00 0.09 0.01 0.08 0.02 0.10 0.03 

Nitrate-N, NO3-N (ppm) 8.70 4.30 6.43 2.35 6.60 2.50 8.53 4.23 

Phosphate-P, PO4-P (ppm) 10.35 0.65 12.37 5.89 10.50 0.50 7.97 1.07 

Sulfate-S, SO4-S (ppm) 2.40 0.80 1.90 0.32 1.60 0.00 3.73 1.59 

Boron, B (ppm) 0.18 0.05 0.18 0.10 0.10 0.01 0.16 0.08 

ESP (%) 1.90 0.40 1.90 0.46 2.40 0.30 2.07 0.62 

CEC (meq/100g) 3.35 0.05 3.40 1.20 2.20 0.10 3.70 1.70 



 49 

Table 3. Percent colonization, percent seed germination, and percent of seeds that were 

colonized and germinated successfully as a function of land disturbance and mesquite 

cover (Seco barley). (A) The percent of Seco barley seeds colonized by fungi reflected land 

disturbance, but not mesquite cover, the disturbance X mesquite interaction, or soil chemistry. 

(B) Variation in percent germination of Seco barley could not be explained by the model 

parameters included here. However, when we considered the frequency of potentially positive 

outcomes (i.e., seeds were colonized and germinated), we found a strong relationship with 

disturbance (C). In each multiple regression analysis, site was included as a random variable and 

data were logit-transformed. Significant results are bolded and labeled with (*). 

 

A. Percent colonization 

Source DF DFDen F Ratio Prob > F 

Disturbance 1 3.993 9.9737 0.0343* 

Mesquite 1 4.158 0.2912 0.6170 

Disturbance X mesquite 1 4.162 2.7364 0.1706 

Soil chemistry 1 3.919 7.3600 0.0546 

 

B. Percent germination 

Source DF DFDen F Ratio Prob > F 

Disturbance 1 3.971 0.0000 0.9998 

Mesquite 1 4.106 0.0495 0.8346 

Disturbance X mesquite 1 4.079 1.3642 0.3065 

Soil chemistry 1 4.604 1.4142 0.2921 

 

C. Percent of seeds that were 

colonized and germinated successfully 

Source DF DFDen F Ratio Prob > F 

Disturbance 1 3.945 18.9275 0.0125* 

Mesquite 1 4.304 0.0326 0.8649 

Disturbance X mesquite 1 4.361 0.0355 0.8590 

Soil chemistry 1 3.009 0.1804 0.6996 
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Figure legends 

Figure 1. Representative campsite at the Santa Rita Experimental Range, showing a gradient of 

disturbance (undisturbed, intermediate and undisturbed). Plots were placed under mesquite 

canopies and in open areas in each zone (i.e., two plots/zone) in three campgrounds. 

Figure 2. Percent colonization of Seco barley seeds by fungi as a function of land disturbance 

and mesquite cover. Bars represent means. Error bars indicate standard error (SE). Control seeds 

were colonized infrequently (see text) and thus are not presented here. 

Figure 3. Relative abundance of focal OTU from seeds of Seco barley in exposed soils and areas 

with mesquite cover as a function of land disturbance. The x-axis represents land disturbance 

(i.e., disturbed, intermediate, and undisturbed). The y-axis represents relative abundance of each 

OTU at 99% similarity. We used 99% OTU similarity due to the high genetic similarity of 

species within the genera of this study. The width of each bar indicates relative abundance. 

Figure 4. Non-metric multidimensional scaling, illustrating fungal community structure in seeds 

of Seco barley as a function of land disturbance (Bray-Curtis similarity, stress = 0.07). Each 

point represents a fungal community from a given land disturbance and mesquite canopy 

combination. The circle and square symbols represent disturbed and undisturbed soils 

respectively. Filled symbols represent mesquite cover and open symbols represent exposed soils. 

The red and grey coloring represents the combined community of land disturbance and mesquite 

canopy for disturbed and undisturbed soils respectively. Intermediate disturbance zones are not 

shown but fall between the disturbed and undisturbed zones in each site.  

Figure 5. Seed germination for Seco barley as a function of disturbance and mesquite, showing 

A) percent germination for all seeds, and B) percent of seeds that were colonized and germinated 
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successfully (i.e., potentially positive associations). Bars represent means. Error bars indicate 

standard error (SE). 

Figure 6. Soil chemistry differed among sites and as a function of disturbance and mesquite 

cover (see Table 2). Soil chemistry data from each plot were clustered hierarchically based on 

similarity and are shown here as a constellation diagram. Distances between points represent 

relative distances in the similarity of soil chemistry. Axes are relative and are not meant to be 

interpreted quantitatively. 
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Figure 4. 

 

 

 

 

 

 

 

C
oo

rd
in

at
e 

2

Coordinate 1



 56 

Disturbed Intermediate      Undisturbed 

Exposed Soils Mesquite Canopy
Pe

rc
en

t g
er

m
in

at
io

n

Disturbed        Intermediate   Undisturbed 

Disturbance by Site

Figure 5. 

A.                                                                          

 

 

 

 

 

 

 

                                    

 

 

B.  

 

 

 

 

 

 

 

 

 

 



 57 

Figure 6.  
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SUPPLEMENTAL MATERIALS 
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Supplemental Table 1. Percent colonization, percent seed germination, and percent of seeds 

that were colonized and germinated successfully as a function of land disturbance and 

mesquite cover (Turkey wheat). (A) The percent of seeds colonized by microbes did not reflect 

land disturbance, mesquite cover, the disturbance X mesquite interaction, or soil chemistry. (B) 

Variation in percent germination could not be explained by the model parameters included here. 

When we considered the frequency of positive outcomes (i.e., seeds were colonized and 

germinated), we found no relationship with land disturbance, mesquite cover, the disturbance X 

mesquite interaction, or soil chemistry. (C). In each multiple regression analysis, site was 

included as a random variable and data were logit-transformed.  

 

A. Percent colonization 

Source DF DFDen F Ratio Prob > F 

Disturbance 1 5.711 2.6777 0.1554 

Mesquite 1 6.776 0.1592 0.7021 

Disturbance X mesquite 1 5.768 3.1249 0.1295 

Soil chemistry 1 4.157 0.0034 0.9564 

 

B. Percent germination 

Source DF DFDen F Ratio Prob > F 

Disturbance 1 5.058 0.1351 0.7281 

Mesquite 1 5.945 0.7217 0.4285 

Disturbance X mesquite 1 5.090 1.4646 0.2794 

Soil chemistry 1 0.686 9.5146 0.2829 

 

C. Percent of seeds that were 

colonized and germinated successfully 

Source DF DFDen F Ratio Prob > F 

Disturbance 1 5.924 0.5622 0.4821 

Mesquite 1 6.721 0.3650 0.5656 

Disturbance X mesquite 1 5.961 0.6456 0.4525 

Soil chemistry 1 1.882 1.6675 0.3325 
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Supplemental Table 2. Percent colonization, percent seed germination, and percent of seeds 

that were colonized and germinated successfully as a function of land disturbance and 

mesquite cover (Sonora wheat). (A) The percent of seeds colonized by microbes did not reflect 

land disturbance, mesquite cover, the disturbance X mesquite interaction, or soil chemistry. (B) 

Variation in percent germination was found to be a result of soil chemistry. However, when we 

considered the frequency of positive outcomes (i.e., seeds were colonized and germinated), we 

found no relationship with land disturbance, mesquite cover, the disturbance X mesquite 

interaction, or soil chemistry. (C). In each multiple regression analysis, site was included as a 

random variable and data were logit-transformed. Significant results are bolded and labeled with 

(*); nearly significant results are labeled with (**). 

 
A. Percent colonization 
Source DF DFDen F Ratio Prob > F 
Disturbance 1 4.758 4.6604 0.0861** 
Mesquite 1 6.534 0.1623 0.6999 
Disturbance X mesquite 1 4.840 1.2863 0.3097 
Soil chemistry 1 3.066 0.0182 0.9011 
 
B. Percent germination 
Source DF DFDen F Ratio Prob > F 
Disturbance 1 5.990 0.0899 0.7744 
Mesquite 1 6.002 0.9641 0.3641 
Disturbance X mesquite 1 5.991 0.0506 0.8294 
Soil chemistry 1 0.996 375.9769 0.0332* 
 
C. Percent of seeds that were 
colonized and germinated successfully 
Source DF DFDen F Ratio Prob > F 
Disturbance 1 5.954 5.5243 0.0574** 
Mesquite 1 6.737 0.5903 0.4684 
Disturbance X mesquite 1 5.990 0.0001 0.9920 
Soil chemistry 1 1.961 0.0147 0.9148 

 

 



 61 

Supplemental Table 3. Seed traits for Seco barley, Sonora wheat, and Turkey wheat. 

  Seco barley    Sonora wheat Turkey wheat 

 N x̄ ± SE N x̄ ± SE  N x̄ ± SE  

Mass (g) 100 0.054 ± 0.001 100 0.030 ± 0.001 100 0.027 ± 0.001 

Length (mm) 100 10.412 ± 0.130 100 6.073 ± 0.036 100 6.469 ± 0.042 

Width (mm) 100 3.507 ± 0.028 100 3.150 ± 0.032 100 2.814 ± 0.028 

Coat thickness 
(mm) 100 0.065 ± 0.006 100 0.044 ± 0.001 100 0.045 ± 0.001 

Viability (%) 100 90.00 ± 0.030 100 88.00 ± 0.033 100 92.00 ± 0.0270 

Sugar content 
(%) 150 0.0883 ± 0.083 150 0.400 ± 0.052 150 0.0517 ± 0.133 

4-hour water 
uptake (g) 50 0.252 ± 0.006 50 0.263 ± 0.006 50 0.0250 ± 0.050 

24-hour water 
uptake (g) 50 0.373 ± 0.004 50 0.356 ± 0.006 50 0.0338 ± 0.004 
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Supplemental Table 4. List of fungal isolates. Columns indicated isolate code, mesquite 

canopy (mesquite canopy or exposed soils), site (A, B, or C), soil type (disturbed, intermediate, 

or undisturbed), isolate was obtained from a colonized and germinated seed (yes or no), and top 

BLAST match for 249 fungal isolates of Seco barley. 

Isolate Mesquite canopy Site Soil Type Germinated Top BLAST Match 

WEF0001 Exposed soils A Disturbed No Fusarium polyphialidicum, Fusarium graminearum 

WEF0006 Mesquite canopy A Undisturbed No Fusarium polyphialidicum 

WEF0007 Mesquite canopy A Undisturbed No Thanatephorus cucumeris 

WEF0008 Mesquite canopy A Undisturbed No Thanatephorus cucumeris 

WEF0009 Mesquite canopy A Undisturbed No Thanatephorus cucumeris 

WEF0010 Mesquite canopy A Undisturbed No Thanatephorus cucumeris 

WEF0011 Mesquite canopy A Undisturbed No Thanatephorus cucumeris 

WEF0012 Mesquite canopy A Undisturbed No Fusarium polyphialidicum 

WEF0013 Exposed soils A Undisturbed No Fusarium polyphialidicum 

WEF0014 Exposed soils A Undisturbed No Fusarium polyphialidicum 

WEF0015 Exposed soils A Undisturbed No Fusarium polyphialidicum 

WEF0017 Exposed soils A Undisturbed Yes Fusarium polyphialidicum 

WEF0018 Exposed soils A Intermediate Yes Fusarium polyphialidicum 

WEF0019 Exposed soils A Intermediate No Fusarium polyphialidicum 

WEF0020 Exposed soils A Intermediate No Fusarium polyphialidicum 

WEF0021 Exposed soils A Intermediate No Fusarium polyphialidicum 

WEF0022 Exposed soils A Intermediate Yes Fusarium polyphialidicum 

WEF0032 Mesquite canopy C Intermediate No Fusarium polyphialidicum 

WEF0033 Mesquite canopy C Intermediate No Fusarium polyphialidicum 

WEF0034 Mesquite canopy C Intermediate No Fusarium polyphialidicum 

WEF0035 Mesquite canopy C Intermediate No Fusarium polyphialidicum 

WEF0036 Mesquite canopy C Intermediate No Thanatephorus cucumeris 

WEF0037 Mesquite canopy C Intermediate No Fusarium polyphialidicum 

WEF0038 Mesquite canopy C Intermediate Yes Thanatephorus cucumeris 

WEF0039 Mesquite canopy C Intermediate No Fusarium polyphialidicum 

WEF0040 Mesquite canopy C Intermediate No Fusarium polyphialidicum 

WEF0041 Mesquite canopy C Intermediate No Fusarium polyphialidicum 

WEF0042 Mesquite canopy B Undisturbed No Fusarium polyphialidicum 

WEF0043 Mesquite canopy B Undisturbed No Fusarium polyphialidicum 

WEF0044 Mesquite canopy B Undisturbed No Fusarium polyphialidicum 

WEF0045 Mesquite canopy B Undisturbed No Alternaria sp., Alternaria tenuissima 

WEF0046 Mesquite canopy B Undisturbed No Fusarium polyphialidicum 

WEF0047 Mesquite canopy B Undisturbed No Fusarium polyphialidicum 

WEF0048 Exposed soils C Disturbed No Fusarium polyphialidicum 

WEF0049 Exposed soils C Disturbed No Fusarium polyphialidicum 

WEF0050 Exposed soils C Disturbed No Fusarium polyphialidicum 

WEF0051 Exposed soils C Disturbed No Fusarium polyphialidicum 
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WEF0052 Exposed soils C Disturbed No Fusarium polyphialidicum 

WEF0053 Exposed soils C Disturbed No Fusarium polyphialidicum 

WEF0060 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0061 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0062 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0063 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0065 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0066 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0067 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0068 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0069 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0070 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0071 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0072 Exposed soils B Undisturbed No Curvularia geniculata, Curvularia brachyspora 

WEF0073 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0074 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0075 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0082 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0083 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0084 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0085 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0086 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0087 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0088 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0097 Mesquite canopy B Undisturbed No Ceratobasidium sp. 

WEF0098 Mesquite canopy B Undisturbed No Ceratobasidium sp. 

WEF0099 Mesquite canopy B Undisturbed No Thanatephorus cucumeris 

WEF0100 Mesquite canopy B Undisturbed No Thanatephorus cucumeris 

WEF0101 Mesquite canopy B Undisturbed No Thanatephorus cucumeris 

WEF0102 Mesquite canopy B Undisturbed No Thanatephorus cucumeris 

WEF0113 Exposed soils C Undisturbed No Fusarium polyphialidicum 

WEF0114 Exposed soils C Undisturbed No Ceratobasidium sp. 

WEF0115 Exposed soils C Undisturbed No Ceratobasidium sp. 

WEF0116 Exposed soils C Undisturbed No Ceratobasidium sp. 

WEF0117 Exposed soils C Undisturbed No Fusarium polyphialidicum 

WEF0127 Mesquite canopy C Undisturbed No Fusarium polyphialidicum 

WEF0128 Mesquite canopy C Undisturbed No Fusarium polyphialidicum 

WEF0159 Exposed soils A Intermediate No Thanatephorus cucumeris 

WEF0160 Exposed soils A Intermediate Yes Thanatephorus cucumeris 

WEF0175 Mesquite canopy C Disturbed No Fusarium polyphialidicum 

WEF0176 Mesquite canopy C Disturbed No Fusarium polyphialidicum 

WEF0177 Mesquite canopy C Disturbed No Thanatephorus cucumeris 

WEF0178 Mesquite canopy C Disturbed Yes Fusarium polyphialidicum 

WEF0179 Mesquite canopy C Disturbed Yes Fusarium polyphialidicum 

WEF0180 Mesquite canopy C Disturbed Yes Fusarium polyphialidicum 

WEF0181 Mesquite canopy C Disturbed No Fusarium polyphialidicum 
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WEF0182 Mesquite canopy C Disturbed Yes Fusarium polyphialidicum,Fusarium graminearum 

WEF0183 Mesquite canopy C Disturbed Yes Fusarium polyphialidicum 

WEF0184 Mesquite canopy C Disturbed Yes Thanatephorus cucumeris 

WEF0200 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0201 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0202 Exposed soils B Undisturbed Yes Fusarium polyphialidicum 

WEF0203 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0204 Exposed soils B Undisturbed No Fusarium polyphialidicum,Fusarium graminearum 

WEF0205 Exposed soils B Undisturbed Yes Alternaria sp., Alternaria tenuissima, Alternaria 
alternata 

WEF0206 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0207 Exposed soils B Undisturbed Yes Fusarium polyphialidicum 

WEF0208 Exposed soils B Undisturbed Yes Fusarium polyphialidicum 

WEF0213 Exposed soils C Intermediate No Fusarium polyphialidicum 

WEF0214 Exposed soils C Intermediate No Fusarium polyphialidicum,Fusarium graminearum 

WEF0215 Exposed soils C Intermediate No Fusarium polyphialidicum,Fusarium graminearum 

WEF0216 Exposed soils C Intermediate Yes Fusarium polyphialidicum 

WEF0218 Exposed soils C Undisturbed No Fusarium polyphialidicum 

WEF0219 Exposed soils C Undisturbed No Fusarium polyphialidicum 

WEF0220 Exposed soils C Undisturbed No Fusarium polyphialidicum 

WEF0221 Exposed soils C Undisturbed No Fusarium polyphialidicum 

WEF0222 Mesquite canopy C Intermediate No Fusarium polyphialidicum 

WEF0223 Mesquite canopy C Intermediate No Fusarium polyphialidicum 

WEF0224 Mesquite canopy C Intermediate No Fusarium polyphialidicum 

WEF0225 Mesquite canopy C Intermediate No Fusarium polyphialidicum 

WEF0226 Mesquite canopy C Intermediate No Fusarium polyphialidicum 

WEF0247 Mesquite canopy C Intermediate Yes Ceratobasidium sp. 

WEF0248 Mesquite canopy C Intermediate No Fusarium polyphialidicum,Fusarium graminearum 

WEF0249 Mesquite canopy C Intermediate No Fusarium polyphialidicum,Fusarium graminearum 

WEF0250 Mesquite canopy C Intermediate No Fusarium polyphialidicum 

WEF0251 Mesquite canopy C Intermediate No Fusarium polyphialidicum 

WEF0252 Mesquite canopy C Intermediate No Fusarium polyphialidicum 

WEF0253 Mesquite canopy C Intermediate No Fusarium polyphialidicum 

WEF0254 Exposed soils B Undisturbed Yes Fusarium polyphialidicum 

WEF0255 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0257 Exposed soils B Undisturbed No Alternaria sp., Alternaria tenuissima, Alternaria 
alternata 

WEF0258 Exposed soils B Intermediate No Alternaria sp., Alternaria tenuissima, Alternaria 
alternata 

WEF0259 Exposed soils B Intermediate Yes Fusarium polyphialidicum,Fusarium graminearum 

WEF0260 Exposed soils B Intermediate No Fusarium polyphialidicum,Fusarium graminearum 

WEF0261 Exposed soils B Intermediate No Fusarium polyphialidicum,Fusarium graminearum 

WEF0262 Exposed soils B Intermediate No Ceratobasidium sp. 

WEF0263 Exposed soils B Intermediate Yes Ceratobasidium sp. 

WEF0264 Exposed soils B Intermediate No Ceratobasidium sp. 

WEF0265 Exposed soils B Intermediate No Ceratobasidium sp. 

WEF0266 Exposed soils B Intermediate No Fusarium polyphialidicum,Fusarium graminearum 

WEF0277 Mesquite canopy B Intermediate No Alternaria sp., Alternaria tenuissima 
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WEF0278 Mesquite canopy B Intermediate No Alternaria sp., Alternaria tenuissima 

WEF0279 Mesquite canopy B Intermediate No Alternaria sp., Alternaria tenuissima 

WEF0280 Mesquite canopy B Intermediate Yes Alternaria sp., Alternaria tenuissima 

WEF0281 Mesquite canopy B Intermediate No Fusarium polyphialidicum 

WEF0282 Mesquite canopy B Intermediate No Fusarium polyphialidicum 

WEF0283 Mesquite canopy B Intermediate Yes Fusarium polyphialidicum 

WEF0284 Mesquite canopy B Intermediate No Fusarium polyphialidicum 

WEF0285 Mesquite canopy B Intermediate No Fusarium polyphialidicum 

WEF0286 Mesquite canopy B Intermediate No Fusarium polyphialidicum 

WEF0287 Mesquite canopy B Intermediate No Fusarium polyphialidicum 

WEF0288 Mesquite canopy B Intermediate No Alternaria sp., Alternaria tenuissima, Alternaria 
alternata 

WEF0289 Mesquite canopy B Intermediate No Fusarium polyphialidicum 

WEF0290 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0291 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0292 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0293 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0294 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0295 Exposed soils B Intermediate Yes Fusarium polyphialidicum 

WEF0296 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0297 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0298 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0306 Exposed soils B Intermediate No Alternaria sp., Alternaria tenuissima 

WEF0307 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0308 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0309 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0310 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0311 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0312 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0313 Exposed soils B Intermediate No Fusarium polyphialidicum,Fusarium graminearum 

WEF0314 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0315 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0316 Exposed soils B Intermediate Yes Fusarium polyphialidicum 

WEF0317 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0318 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0319 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0320 Exposed soils B Intermediate Yes Fusarium polyphialidicum 

WEF0321 Exposed soils B Intermediate No Fusarium polyphialidicum,Fusarium graminearum 

WEF0322 Exposed soils B Intermediate No Fusarium polyphialidicum,Fusarium graminearum 

WEF0323 Exposed soils B Intermediate No Alternaria sp., Alternaria tenuissima, Alternaria 
alternata 

WEF0324 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0325 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0326 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0327 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0328 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0329 Exposed soils B Intermediate No Fusarium polyphialidicum 
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WEF0330 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0331 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0332 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0333 Mesquite canopy B Intermediate No Alternaria sp., Alternaria tenuissima, Alternaria 
alternata 

WEF0334 Mesquite canopy B Intermediate No Alternaria sp., Alternaria tenuissima, Alternaria 
alternata 

WEF0335 Mesquite canopy B Intermediate Yes Fusarium polyphialidicum 

WEF0336 Mesquite canopy B Intermediate No Fusarium polyphialidicum 

WEF0337 Mesquite canopy B Intermediate No Alternaria sp., Alternaria tenuissima, Alternaria 
alternata 

WEF0338 Mesquite canopy B Intermediate Yes Alternaria sp., Alternaria tenuissima, Alternaria 
alternata 

WEF0339 Mesquite canopy B Intermediate No Alternaria sp., Alternaria tenuissima, Alternaria 
alternata 

WEF0340 Mesquite canopy B Intermediate No Fusarium polyphialidicum 

WEF0357 Mesquite canopy C Intermediate No Fusarium polyphialidicum 

WEF0378 Exposed soils B Undisturbed No Alternaria sp., Alternaria tenuissima 

WEF0379 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0380 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0381 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0382 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0383 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0384 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0385 Exposed soils B Undisturbed No Fusarium polyphialidicum 

WEF0386 Mesquite canopy B Undisturbed Yes Fusarium polyphialidicum 

WEF0387 Mesquite canopy B Undisturbed No Fusarium polyphialidicum 

WEF0399 Mesquite canopy A Undisturbed No Fusarium polyphialidicum 

WEF0400 Mesquite canopy A Undisturbed No Alternaria sp., Alternaria tenuissima 

WEF0401 Mesquite canopy A Undisturbed No Curvularia geniculata 

WEF0403 Exposed soils A Undisturbed Yes Fusarium polyphialidicum 

WEF0404 Exposed soils A Undisturbed No Fusarium polyphialidicum 

WEF0405 Exposed soils A Undisturbed No Fusarium polyphialidicum 

WEF0406 Exposed soils A Undisturbed No Alternaria sp., Alternaria tenuissima 

WEF0407 Exposed soils A Undisturbed No Fusarium polyphialidicum 

WEF0419 Exposed soils A Intermediate No Fusarium polyphialidicum 

WEF0429 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0430 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0431 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0432 Exposed soils B Intermediate No Fusarium polyphialidicum 

WEF0434 Exposed soils C Disturbed No Fusarium polyphialidicum 

WEF0444 Exposed soils C Undisturbed Yes Ceratobasidium sp. 

WEF0445 Exposed soils C Undisturbed No Ceratobasidium sp. 

WEF0446 Exposed soils C Undisturbed No Ceratobasidium sp. 

WEF0453 Exposed soils C Undisturbed Yes Rutstroemia firma 

WEF0454 Exposed soils C Undisturbed No Fusarium polyphialidicum 

WEF0455 Exposed soils C Undisturbed Yes Fusarium polyphialidicum 

WEF0458 Exposed soils C Intermediate No Fusarium polyphialidicum 

WEF0459 Exposed soils C Intermediate No Fusarium polyphialidicum 

WEF0475 Mesquite canopy B Intermediate No Alternaria sp., Alternaria tenuissima 
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WEF0493 No soil exposure Control Field control No Cladosporium sp. 

WEF0502 Mesquite canopy C Disturbed No Fusarium polyphialidicum 

WEF0503 Mesquite canopy C Intermediate No Fusarium polyphialidicum 

WEF0507 Mesquite canopy C Intermediate Yes Fusarium polyphialidicum 

WEF0508 Mesquite canopy C Disturbed No Fusarium polyphialidicum 

WEF0509 Mesquite canopy C Disturbed No Fusarium polyphialidicum,Fusarium graminearum 

WEF0515 Exposed soils B Undisturbed No Alternaria sp., Alternaria tenuissima, Alternaria 
alternata 

WEF0558 Exposed soils C Undisturbed No Fusarium polyphialidicum 

WEF0559 Exposed soils C Undisturbed No Fusarium polyphialidicum 

WEF0560 Exposed soils C Undisturbed No Fusarium polyphialidicum 

WEF0572 Mesquite canopy B Disturbed No Fusarium polyphialidicum 

WEF0577 Exposed soils C Disturbed No Fusarium polyphialidicum 

WEF0578 Exposed soils C Disturbed No Fusarium polyphialidicum 

WEF0579 Exposed soils C Disturbed No Fusarium polyphialidicum 

WEF0584 Exposed soils A Undisturbed No Fusarium polyphialidicum,Fusarium graminearum 

WEF0588 Exposed soils C Intermediate Yes Alternaria sp., Alternaria tenuissima 

WEF0593 No soil exposure Control Field control No Cladosporium sp. 

WEF0595 Mesquite canopy C Disturbed No Fusarium polyphialidicum 

WEF0597 Exposed soils B Undisturbed Yes Fusarium polyphialidicum,Fusarium graminearum 

WEF0598 Mesquite canopy C Intermediate No Fusarium polyphialidicum,Fusarium graminearum 

WEF0605 Exposed soils C Disturbed No Alternaria sp., Alternaria tenuissima, Alternaria 
alternata 

WEF0608 Mesquite canopy C Intermediate No Alternaria sp., Alternaria tenuissima, Alternaria 
alternata 

WEF0609 Exposed soils B Undisturbed No Fusarium polyphialidicum,Fusarium graminearum 

WEF0611 Exposed soils A Undisturbed No Fusarium polyphialidicum 

WEF0613 Exposed soils B Intermediate No Fusarium polyphialidicum 
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Supplemental Table 5. List of bacterial isolates. Columns indicated isolate code, mesquite 

canopy (mesquite canopy or exposed soils), site (A, B, or C), soil type (disturbed, intermediate, 

or undisturbed), and if isolate was obtained from a colonized and germinated seed (yes or no) for 

59 bacterial isolates of Seco barley. 

Isolate Specific host Site Soil Type Germinated 

WEB 0004 Exposed soils C Undisturbed YES 
WEB 0005 Exposed soils C Undisturbed YES 
WEB 0006 Exposed soils C Undisturbed NO 
WEB 0007 Exposed soils B Undisturbed YES 
WEB 0008 Exposed soils B Undisturbed NO 
WEB 0009 Exposed soils B Undisturbed YES 
WEB 0010 Exposed soils B Undisturbed NO 
WEB 0011 Exposed soils B Undisturbed NO 
WEB 0012 Exposed soils B Undisturbed NO 
WEB 0013 Mesquite Canopy A Undisturbed YES 
WEB 0014 Mesquite Canopy A Undisturbed YES 
WEB 0015 Exposed soils A Intermediate NO 
WEB 0020 Exposed soils C Disturbed NO 
WEB 0021 Exposed soils C Disturbed NO 
WEB 0022 Exposed soils B Undisturbed NO 
WEB 0026 Mesquite Canopy C Undisturbed NO 
WEB 0058 Exposed soils C Intermediate NO 
WEB 0067 Mesquite Canopy C Intermediate NO 
WEB 0068 Mesquite Canopy C Intermediate YES 
WEB 0069 Mesquite Canopy C Intermediate NO 
WEB 0070 Mesquite Canopy C Intermediate YES 
WEB 0077 Mesquite Canopy C Disturbed NO 
WEB 0102 Exposed soils B Intermediate NO 
WEB 0106 Mesquite Canopy A Intermediate NO 
WEB 0107 Exposed soils A Undisturbed YES 
WEB 0108 Mesquite Canopy C Disturbed YES 
WEB 0109 Exposed soils C Undisturbed YES 
WEB 0110 Exposed soils C Undisturbed YES 
WEB 0111 Exposed soils C Undisturbed YES 
WEB 0112 Exposed soils C Undisturbed YES 
WEB 0118 Mesquite Canopy B Undisturbed NO 
WEB 0134 Mesquite Canopy C Intermediate NO 
WEB 0135 Mesquite Canopy C Intermediate YES 
WEB 0136 Mesquite Canopy C Intermediate NO 
WEB 0137 Mesquite Canopy B Intermediate NO 
WEB 0145 Mesquite Canopy A Intermediate NO 
WEB 0148 Mesquite Canopy C Intermediate NO 



 69 

WEB 0154 Exposed soils B Disturbed NO 
WEB 0158 Exposed soils A Intermediate NO 
WEB 0159 Exposed soils A Intermediate NO 
WEB 0160 Exposed soils A Intermediate YES 
WEB 0176 Mesquite Canopy C Disturbed NO 
WEB 0203 Exposed soils C Undisturbed YES 
WEB 0210 Exposed soils A Intermediate NO 
WEB 0213 Mesquite Canopy A Undisturbed NO 
WEB 0236 Mesquite Canopy C Disturbed NO 
WEB 0237 Mesquite Canopy C Intermediate NO 
WEB 0238 Mesquite Canopy C Undisturbed NO 
WEB 0240 Mesquite Canopy C Disturbed NO 
WEB 0254 Mesquite Canopy C Undisturbed NO 
WEB 0255 Mesquite Canopy C Undisturbed NO 
WEB 0257 Mesquite Canopy B Undisturbed NO 
WEB 0258 Mesquite Canopy C Undisturbed NO 
WEB 0259 Mesquite Canopy A Undisturbed NO 
WEB 0260 Mesquite Canopy A Undisturbed NO 
WEB 0261 Exposed soils C Undisturbed NO 
WEB 0263 Mesquite Canopy A Undisturbed NO 
WEB 0264 Exposed soils B Undisturbed NO 
WEB 0265 Exposed soils B Undisturbed NO 
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Supplemental Figure legends 

Supplemental Figure 1. Percent colonization (A), percent seed germination (B), and percent of 

seeds that were colonized and germinated successfully (C) as a function of land disturbance and 

mesquite cover (Turkey wheat). Bars represent mean percentage. Error bars indicate standard 

error (SE) values of the mean.   

Supplemental Figure 2. Percent colonization (A), percent seed germination (B), and percent of 

seeds that were colonized and germinated successfully (C) as a function of land disturbance and 

mesquite cover (Sonora wheat). Bars represent means and error bars are SE. 

Supplemental Figure 3. Principal components analysis of soil characteristics. 
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C. 
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Supplemental Figure 3.  
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APPENDIX B 

 

BIOTECHNOLOGY LAB FOR ARIZONA STUDENTS AND TEACHERS (BLAST): 

PROMOTING EDUCATION AND STEM OUTREACH THROUGH MICROBIOME 

SCIENCE 
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Abstract  

To address gaps in science education and engagement for diverse high school students, we have 

developed and implemented an immersive summer program that combines scientific 

investigation with outreach to underrepresented youth in Science, Technology, Engineering, and 

Mathematics (STEM). In its current form, the Biotechnology Lab for Arizona Students and 

Teachers (BLAST) program provides hands-on and inquiry-based training in the life sciences 

through lectures, activities, and student-directed research. The program also engages STEM 

undergraduates and graduate students in classroom-, laboratory-, and field-based instruction, 

cultivating teaching and outreach skills for college- and post-baccalaureate students. As currently 

implemented, BLAST is a three-week summer experience that can be modified to fit into multi-

hour blocks or regular classroom periods. Content specifically addresses key Next Generation 

Science Standards, thus expanding and complementing current expectations for student learning. 

Through program assessment, we have determined that students participating in the program 

cultivate communication skills, increase their interest in science, and grow their desire to pursue 

careers in STEM. In this paper, we outline the BLAST program, review assessment methods, and 

discuss the future implications of the program. 

Keywords: Active learning, think-pair-share, assessment, research, demonstrations,  

inquiry-based, impact, science communication 
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Introduction  

Our rapidly changing world presents a paradox: humans are increasingly dependent upon 

technology and are confronted by challenges that science, engineering, and mathematics are key 

to answer (DeJarnetter, 2012). Yet negative feelings about science, including mistrust of 

scientists, has led to increasing denial of pressing problems facing humankind, such as climate 

change, or their solutions, such as vaccines (Finucane et al., 2000). The education system in the 

United States is fundamentally geared toward the core subjects: English, language arts, and 

mathematics (Berliner, 2011), at times leaving a gap in science education. Thus, there is a need 

to engage rising generations in scientific thinking and to engage diverse young people in 

scientific activities.  

In response to this deficit, educational and research groups at universities worldwide have 

designed programs to help engage students in scientific fields (Honey & Kanter, 2013; 

Krishnamurthi et al., 2014). The need for these programs is growing: the United States ranks 

24th in science literacy according to the National Center for Education (NCES) Program for 

International Student Assessment (PISA), a relatively low ranking given the nation’s 

international stature. Moreover, a scarcity of women and underrepresented youth are pursuing 

careers in STEM fields nationwide, which is concerning given that diversity enhances scientific 

endeavors (Valla & Williams, 2012). In addition to being important for increasing the national 

level of scientific literacy and engagement, increased exposure to scientific thinking in K-12 

education can yield better study habits, enhance critical thinking skills, and motivate students to 

pursue meaningful careers (Dubetz & Wilson, 2013; Honey & Schweingruber, 2014; Valla & 

Williams, 2012). Thus engaging science education is important not only for future scientists, but 

for students with diverse career aspirations. 



 80 

Students in some regions of the US have decreased opportunities to engage in scientific 

inquiry and develop an interest in possible STEM careers. Such regions often are impoverished 

and/or may have a high proportion of students representing groups that are traditionally rare in 

STEM. According to the 2010-2017 data of the US Census Bureau, 55.2% of residents in the city 

of Tucson, Arizona (total population 535,000) fall into groups traditionally under-represented in 

STEM. Tucson has a higher percentage of under-represented STEM citizens relative to the state 

(Arizona has a population of 7 million, of which 44.8% fall into groups under-represented in 

STEM). Additionally, Tucson has a high incidence of poverty (25.1% of people are below the 

poverty line) in comparison to the state of Arizona (16.4%). The average funding per student in 

Tucson is $9,880 in comparison to the national average of $11,734 (NCES). Lack of school 

funding reduces opportunities for schools to have science programs that tend to have higher 

financial inputs. On average, 54% of Arizona parents reported that their children’s schools did 

not have afterschool programs with a STEM learning opportunity (United States Department of 

Education, 2012 - 2013). Introduction of science outreach programs both during school and after 

school will positively impact students in Tucson by increasing science exposure (Clark et al., 

2016; Krishnamurthi et al., 2014).  

Effective science outreach programs take many different forms. Some programs make 

science accessible and understandable to non-specialists, including members of the general 

public (Ries & Oberhauser, 2015). Others center on engagement and fun, tailored to specific-age 

group of participants (Kerby et al., 2010). Programs can also complement and expand classroom 

learning, providing students with the skills necessary to interpret scientific studies and relay that 

information to others (Cleaves, 2005). High school students represent an ideal target age group 

for outreach that centers on information content, technical skills, and data interpretation 
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(Markowitz, 2004). However, most science outreach programs target elementary- or middle-

school students, without serving students at the high school level (DeJarnette, 2012). 

To meet a need for science outreach programs specifically focused on the development of 

scientific interest among high school students, the Biotechnology Lab for Arizona Students and 

Teachers (BLAST) program was developed in 2006 by M. Wilch and Dr. Nancy Moran, then a 

Regent’s professor at the University of Arizona (UA). In parallel with additional work by Wilch 

to develop inquiry-based learning, a culture of research, and infrastructure for molecular 

biotechnology at her high school, Tucson High Magnet School (THMS), one result was the 

assembly of teaching classrooms with major equipment relevant for research in biology and 

biotechnology. This teaching classroom made it possible to host the BLAST program at THMS. 

This support and Wilch’s teaching served BLAST students for many years at THMS, a minority-

serving high school in urban Tucson. 

In summer 2015, AE Arnold collaborated with Wilch to re-invigorate BLAST after a 

multi-year hiatus that had coincided with Moran’s departure from the UA. In its reinvigorated 

form, BLAST was designed to engage students at two levels. In the broad sense it was designed 

as an engaging science program with a focus on developing scientific inquiry, improving 

scientific literacy skills, and raising awareness of possible careers in STEM. In a more focused 

sense, its aim was to help students gain skills and core competency in the life sciences. The focus 

was specifically on microbiome sciences, including microbial ecology, fundamental 

microbiology, the study of symbioses, molecular biology and biotechnology. The field of 

microbiome research is rapidly growing in importance and impact, in part because microbes 

associate with all forms of life -- and the symbiotic relationships they can embody are crucial for 

the health of many organisms (Kurokawa et al., 2007; Van der Heijden et al., 2008). Currently, 
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high schools across the nation focus on three main disciplines within science: biology, chemistry, 

and physics (College Board and National Merit Scholarship Corporation, 2017). The field of 

microbiome science, which brings together elements of these three fields, is rarely represented, 

but typically connects directly with student interests due to the importance of microbes in 

disease, sustainability, food safety, and related topics. 

Many science-based outreach programs take place during the school year as afterschool 

activities, classroom visits, or weekend programs. To complement these activities, BLAST is a 

three-week summer immersion experience in its current form. It has the potential to be modified 

to fit a more traditional school setting or a short-term program schedule. Long-term programs are 

a preferable approach in many outreach settings, although studies have shown that short-term 

programs or modules also develop scientific interests and influence students’ likelihood to 

pursue scientific careers (Metz, 2018). Holding BLAST during the summer allows students to 

immerse themselves in science and engage in an extensive range of scientific activities. The 

three-week time frame allows for additional components that may not be available in short-term 

programs, such as independent research projects, tours of multiple university research facilities, 

and hosting a diverse group of scientists from multiple disciplines and backgrounds as mentors 

and instructors. In a recent implementation of BLAST, stipends from Pima County were awarded 

to students who qualified to participate in the program, opening up the program to students 

whose economic background would otherwise require that they work for pay during the 

program’s duration. 

In this paper, we describe the implementation of BLAST as a summer outreach program 

in Tucson, with a focus on its most recent implementation (summer 2017). In that iteration, 

BLAST was coordinated by A Leo, in collaboration with the coauthors of this paper. 
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Learning Objectives 

As implemented in 2017, BLAST centered on three primary learning goals. First, we focused on 

the science of microbiomes — a field that, in recent years, is gaining traction as a source of 

applications in fields ranging from health sciences to agriculture. Here we addressed scientific 

content and taught biotechnology and microbiology laboratory skills. Second, we aimed to 

engage high school students in critical thinking and scientific inquiry, an essential skill set for 

school, science, and their future. Third, we sought to give undergraduate and graduate students 

an opportunity to gain teaching experience. We provide more information about each objective 

below. 

 

Science and scientific content 

We alternated short-lecture presentations, lab techniques demonstrations, and discussions with 

hands-on training to aid in the development of laboratory skills and to link content with 

application in the lab. Students participated in diverse training exercises that highlighted the 

importance of technical skill, learning how to apply sterile technique, extract DNA, implement 

the polymerase chain reaction (PCR), and interpret sequence data. Through this experience, 

students employed problem-solving to build confidence in their practical ability. To cultivate 

scientific inquiry, students read peer-reviewed literature, guided by undergraduate and graduate 

mentors, and evaluated how best to apply the scientific method to problems. The students were 

engaged in interpreting experimental data and worked together on a model project that helped 

them develop a question and see how to test their predictions with real data. Ultimately, students 

developed small projects with mentorship from the BLAST undergraduate and graduate student 
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team. Students gained scientific communication skills through group projects and public 

presentations, giving them practice to effectively communicate their research findings. Overall, 

the program was designed to build foundational knowledge in biological sciences and 

microbiome sciences. This foundation enables students to apply their knowledge to different 

disciplines and provide a basis for understanding and synthesizing new material. 

 

Training and teaching  

The BLAST program was co-taught by a professor (Arnold), graduate students, undergraduate 

students, and a high school teacher (Wilch). The lesson plans developed by these co-instructors 

(mentors) followed the predetermined curriculum of BLAST while allowing each instructor to 

add a personal touch.  Developing PowerPoint presentations helped the more junior co-

instructors learn how to synthesize information and deliver it to students with diverse 

backgrounds. Included with each PowerPoint presentation was an exercise that varied by peer-

mentor. By changing the mode of delivery from strictly PowerPoint presentations to an activity, 

peer-mentors developed new perspectives on their teaching methods. By adding an activity to 

each short lecture section, peer-mentors had to rethink the material and present it in a new way 

so as to incorporate a summarizing and synthesizing activity (i.e., a game, brainstorming, a 

hands-on method, or conversation).  

 

Experience for mentors 

Through this program, mentors gained first-hand experience teaching in a classroom setting, with 

the aim of improving their skills in communicating science to diverse students. As each mentor 

led the classroom through a lesson and activity, they also gained experience in classroom 
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management skills, assessment, and engagement. Undergraduate and graduate students majoring 

in science often do not have opportunities to learn first-hand classroom management practices, 

such that BLAST fills an important gap. Students in BLAST are encouraged to ask questions, 

providing on-the-spot training in communication for mentors. This open dialogue between 

students and mentors encouraged mentors to teach students about their field of study, their own 

academic path, and how they chose their area of focus in college and beyond, providing a value-

added aspect to the mentoring process. 

 

Methods 

Below we outline the development and implementation of BLAST with respect to the learning 

objectives outlined above. We discuss student demographics, recruitment and engagement of 

mentors and co-instructors, module content, and assessment. 

 

Student demographics 

BLAST took place at THMS in Tucson, Arizona. THMS is a minority-serving, urban high 

school with a student population of approximately 3,200 students. According to Tucson Unified 

School District enrollment data reports (2016-2017), the demographic makeup of the student 

population is 74.2% Hispanic, 12.3% Caucasian, 4.2% African American, 4.0% Native 

American, 2.9% multi-racial, and 1.5% Asian American. The student population is 51.9% 

female. Overall, 56% of the student body is in the free or reduced-price lunch program (School 

Food Authorities, National School Lunch Program, 2017). Most students who took part in 

BLAST were from TMHS, though the program was open to all high school students in the 

Tucson area and beyond. Opening the program to all schools increased opportunities for 
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disadvantaged youth across the urban region, including students from neighboring districts, to 

participate. Students from outside Tucson were welcomed if housing and guardianship could be 

arranged; in this context, a student from the Navajo Nation was able to participate.  

To recruit students, TMHS science teachers dispersed fliers throughout the TMHS 

campus in both physical (poster) and digital (email) formats. Additionally, flyers were emailed to 

high school teachers in Tucson to share with their students. The recruitment process began in 

early March 2017, ahead of implementation of BLAST in June 2017. In sum, 15 students were 

recruited on the basis of their interest and qualifications. Overall, 66% of the participants were 

female, and 93% were from groups under-represented in STEM (see Honey & Schweingruber, 

2014; Sanders 2008). 

 

Leaders and peer-mentors 

The core leadership team consisted of three educators. A.E. Arnold, a professor in the UA 

School of Plant Sciences and Department of Ecology and Evolutionary Biology, oversaw the 

design and presentation of learning modules. She collaborated with M. Wilch, a THMS teacher, 

who led recruitment, parent communication, and daily classroom guidance. Both Arnold and 

Wilch collaborated with A.B. Leo, a graduate student in the UA School of Plant Sciences, who 

aided in the design and led the daily activities of the program. Five Ph.D. and master’s students 

from Arnold's group participated in teaching modules and guiding group learning activities. 

Eight undergraduates ranging from first-year students to seniors, were involved in group 

discussions and assisted with teaching and supporting laboratory tasks. The list of leaders and 

peer-mentors who took part in the 2017 iteration, their professional stages, and major roles are 

shown in Table 3. 
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Module content 

The BLAST program focused on three week-long modules: Foundations of Research, 

Application of the Scientific Method, and Collaborative Research. Each day consisted of 

approximately one hour of preparation for mentors and three hours of engagement for students. 

A previous iteration of BLAST involved full-day engagement for students, but a transition to 

half-day schedules (four hours for mentors, three hours for students) supported more effective 

engagement while also allowing mentors to take summer classes or attend to their own research 

and teaching obligations outside of BLAST.  

The program began with interview-based guided questions to establish open 

communication between students and peer-mentors and develop an inquiry-based environment 

(Supplementary File 1). Afterward, a pre-assessment test was used to evaluate the student's 

incoming knowledge base (Supplemental 2). A series of introductory lectures provided the 

scientific foundation necessary for the program. A lab notebook and guide to keeping lab 

notebooks were provided to each student to aid in organizing information and develop note-

taking and documentation skills (Supplemental 3). 

 

Foundations of Research (module 1) 

The Foundations of Research module built a foundational knowledge base and exposed students 

to the scientific method through background lectures and a guided experiment. A daily schedule 

for the Foundations of Research module for leaders and peer-mentors is in Supplementary File 6, 

and for students, in Supplementary File 9. The experiment focused on the recruitment of 

microbes to seeds, which is related to A. Leo’s research experiment (see Appendix A of this 
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thesis). This experiment focused on microbiome science and centered on techniques that can 

apply to many different fields of science.  

The primary goal of this experiment was to characterize microbes that are recruited to 

seeds and determine if these microbes promoted seed germination and seedling growth. This 

experiment was started by framing the relevance of seed microbiomes in both research and 

industry, emphasizing the influence of different environments on seed-associated microbes. With 

background information from previous work conducted by the Arnold lab, students developed 

hypotheses with regard to the relevance of soil type and seed type on microbial recruitment. The 

initial laboratory setting of this guided experiment was intended to build the confidence and 

familiarize the students with the research equipment they would be using for the rest of the 

program (Supplemental 4). Students learned how to record data and to think critically about 

different variables that may influence their findings (Supplemental 5).  

A tour of the Arnold lab was conducted on the last day of module one to show students a 

professional scientific setting. Opening up a direct line of communication with scientists in a 

laboratory provided important access to potential role-models and diverse individuals in STEM 

careers. During this tour, students were divided into four groups and rotated through stations in 

the laboratory: microscope, molecular analysis, laminar flow hood, and culture stations. The 

microscope station introduced students to visualization of fungi at both the microscopic and 

macroscopic level. Mentors discussed how a living culture collection operates including how 

permits work, the organizational structure for a collection, and the reasons for having long-term 

storage. The molecular analysis station aided the students in understanding the molecular 

pipeline used to identify fungi and bacteria. The hood station opened the conversation to safety 

procedures in the lab and how to contain and handle samples. At the culture station, students 
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learned about the different media on which microscopic organisms grow and took part in a 

morphology activity where they learned vocabulary and observed fungal and bacterial cultures.  

This module concluded by highlighting the different fields of research one might pursue, 

with insight into potential careers provided via a presentation by Dustin Sandberg, a United 

States Department of Agriculture and Animal and Plant Health Inspection (APHIS) agent for the 

Nogales port of entry into Arizona. Agent Sandberg is a graduate from the Arnold lab. He 

informed BLAST participants about the potential to conduct science in government agencies, 

highlighted the importance of plant microbiology and plant pathology, and provided a 

perspective on the flow of microbes on foodstuffs and other substrates at the international border. 

 

Application of the Scientific Method (module 2) 

The Application of the Scientific Method module focused on developing practical skills with 

laboratory techniques, fieldwork, and data recording. A daily schedule for mentors is in 

Supplemental 7, and for students, in Supplemental 10.  

In this module, the students continued the experiment from week one with post-fieldwork 

processing, which involved laboratory techniques and emphasized a need for precision skill work 

(Supplemental 4). After conducting the post-fieldwork processing, students worked with mentors 

to identify new questions from their findings and then repeated the guided experiment with new 

directions designed to answer those questions. The familiarity of revisiting the same experiment 

allowed the students to dig deeper, solve problems, and address questions that arose throughout 

the process of the guided experiment.  

The rest of this module focused on a schedule that included an introduction to new 

research topics within the field, working on samples from the guided experiment, and preparing 
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for their group projects. To that end, the final day of this week involved mentoring students in 

their literature research. Through this process, students read scientific literature, extracted 

protocols from the text, and conceptualized hypotheses that they would test. Active guidance 

from mentors was necessary for the students to expand the conceptual framework of their 

research interest. With assistance from peer-mentors, students applied the scientific method and 

designed research experiments to answer their questions, which comprised the third module. 

 

Collaborative Research (module 3) 

The Collaborative Research module tied laboratory skills, research skills, and communication 

skills together in a comprehensive research project for each group of students. A daily schedule 

for mentors is in Supplemental 8, and for students, in Supplemental 11.  

The first three days of the final week of BLAST included two sections: completion of the 

research project from the Application of the Scientific Method module, and group projects. 

Dividing class time into two 1.5-hour sections required students to adapt their laboratory skills 

for the project at hand. Students had to apply research skills by keeping an organized lab 

notebook and use protocols obtained from the scientific literature. Students then had to 

communicate pertinent scientific information from the literature to their group members. Day 

four was left for the students to collect any remaining data, interpret data, and design a scientific 

presentation. The final day of the program began with students completing the post-assessment 

test to evaluate how much knowledge they gained during the three-week program (Supplemental 

2). Students concluded the program with a public presentation of their research which also 

served as their final assessment. They answered questions after their presentations, 

demonstrating synthesis of their knowledge and findings.   
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Program assessment 

We evaluated the program and students via summative, formative, and informal assessments. 

Assessments took place throughout the three-week program as described below. 

 

Summative assessments 

We used two summative assessments, which together constituted an evaluation of the students’ 

learning at the conclusion of the program (Taras, 2005). The first summative assessment was a 

pre- and post-test, given on the program’s first and last day, respectively. These tests evaluated 

changes in the students’ knowledge of microbiomes and related topics (Supplemental 1). We 

measured change by comparing the percentage difference between the pre- and post-test 

(Thomas, 2012). We found an overall increase in scores of 18.2% on the post-test (N = 17, mean 

= 84.2% r 2.7%, 95% Confidence Interval = 78.5 - 89.8%) relative to the pre-test (N = 20, mean 

= 65.9% r 5.6%, 95% CI = 54.3 - 77.7%). Thus during this three-week program, students 

achieved an increase from the D-C to B-A range in their knowledge, with the non-overlapping 

confidence intervals indicating significant improvement. Three students were absent during the 

post-test period, but otherwise completed the program. By including short answer questions 

focusing on vocabulary, we were able to evaluate how students are communicating their 

scientific knowledge (Laursen et al., 2007). Students were able to communicate their scientific 

knowledge 16% ± 1.9% more effectively with the completion of the program based on our 

evaluation rubric (Supplemental 12). 

The second summative assessment was a group research presentation, which included a 

comprehensive PowerPoint delivered on the last day of the program. The audience included 
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mentors, family members of the students, community educators, and TMHS faculty who had 

participated in the program. Students demonstrated their ability through a comprehensive 

presentation that drew on their research question, experimental findings, scholarship, and newly 

developed laboratory skill set. At the end of each presentation, members of the audience asked 

questions that the students answered by using their perspectives and scholarship from their time 

in the program. 

 

Formative assessments 

Hands-on experiments permitted the use of formative assessments, a monitoring tool which took 

place throughout the program to measure student learning with respect to proficiency in 

laboratory skills (Taras, 2005). Mentors were partnered with students to give one-on-one 

guidance for laboratory techniques. Through guided interaction, peer-mentors could estimate 

students’ ability level and guide the students towards the development of such skills. 

A second formative assessment focused on thematic understanding. Here we used 

whiteboards for students to display their understanding of subject matter and receive immediate 

correction if necessary. By using whiteboards during lessons, mentors were able to adjust 

content, the speed of delivery, and repetition of complex topics (Crumrine & Demers, 2007). 

Students who had difficulty with understanding the material were visibly unable to draw or write 

out answers and received immediate guidance. 

The third formative assessment was used at the end of each day throughout the program. 

A think-pair-share activity (a cooperative discussion strategy) was used to evaluate students’ 

comprehension of key subject matter (Kaddoura, 2013). During the think-pair-share, groups are 

asked to discuss questions that centered on lessons and activities (Prahl, 2017). This activity 
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allowed mentors to communicate with each individual and pair, and to answer any questions 

directly. Participants often were more able to identify questions, and more willing to ask them, in 

the context of pairs or groups, rather than raising a hand to ask in front of the BLAST group as a 

whole.   

 

Informal assessments 

We employed informal assessments throughout the program by communicating with the students 

during classroom discussions, group communications, and one-on-one conversations. These 

informal assessments enabled mentors to understand students’ comprehension of the material 

and to identify any gaps in knowledge or skills (Ruiz-Primo & Furtak, 2007).  

 

Related programs 

Diverse outreach programs for high school student engagement with a STEM focus have been 

reported in the literature. Many are designed to educate teachers and provide lesson plans and 

activities that can be used in the classroom, thus indirectly influencing students. Some programs 

have become widely used, such as those developed through STEM Revolution 

(stemrevolution.org) and the Teaching Institute for Excellence in STEM (tiesteach.org) 

(Sheridan et al., 2011; Zhe et al., 2010).  

In-school programs that engage students directly also are common. These often take 

place during regular classroom time and vary greatly in resources and availability for different 

learning environments (i.e., university partnerships, local specialists). These programs are often 

taught by an outside source such as a professor from a local university, company representatives, 

or outreach specialists (Reisslein et al., 2010; Shry, 2010). Such programs are often accessible 
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for teachers and usually have lesson plan materials suited for block periods. These programs are 

designed to engage a breadth of students and as a result, do not always focus on in-depth content 

(Karp et al., 2010). 

Afterschool programs, such as Mad Science (madscience.org) are presented as clubs and 

yield varying attendance. These programs often are geared toward specific groups of students 

(Hagrave, 2015) or focused on fostering STEM careers (Duodo et al., 2017). Due to the nature of 

volunteer-based school programs, assessment of many afterschool programs is challenging and 

often context-dependent (Puvirajah et al., 2015; Sahin et al., 2014). Summer camp programs are 

similar to afterschool programs in their constraints but have the benefit of engaging students for 

a more extended period and often increase student enthusiasm and literacy (Bachman et al., 

2008; Dubetz & Wilson, 2013; Robbins & Schoenfisch, 2005). However, because these 

programs take place outside of standard teaching time, they are ultimately not feasible for all 

teachers, or for students who may have limited economic means.  

 

Potential adaptation 

Although designed as an immersive summer experience, the modules of this three-week program 

can be broken up and used in a classroom setting, afterschool program, and weekend activity. 

Every topic and laboratory skill employed throughout this program can act as an independent 

lesson plan complemented with experiments or activities. To begin implementing information 

from this program, teachers can begin with pre- and post-assessment to determine the 

foundational knowledge brought to the class. The BLAST program engaged freshman to senior 

high school students, and thus required lessons in the fundamentals of science. Classrooms or 
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environments with prior expertise in this field may want to skip the foundational teachings and 

use the experiment to guide further discussion.  

 

Conclusions 

Engaging students in hands-on, critical thinking is useful as a teaching and training exercise. 

BLAST provides a model for doing so, with a focus on microbiome science. Because the study 

of microbiomes is interdisciplinary, scientific topics from BLAST can integrate into preexisting 

units at multiple grade levels, and components of this program can be interwoven with existing 

curriculum and science classes. Our perception is that BLAST was effective because of its 

pacing, content, and student engagement, as well as the constant implementation of assessment 

and positive relationships developed between participants and mentors. Such relationships help 

students understand the array of STEM careers available to them, the importance of science, and 

the power of learning hands-on skills proficiently. In these ways, BLAST is an important 

complement to traditional high school education. 
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Table 1. The Next Generation Science Standards for high school students as of 2017 addressed through this 
program. 
 
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 2. The Common Core Standards for grades 9 - 12 as of 2017 addressed in this program.  
 
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 3.  List of leaders and peer-mentors who participated in BLAST. Including their professional stage, university, 
and department. 
 
Name Professional 

Stage 
University College School/Department 

A. Elizabeth Arnold Professor University of Arizona CALS1 School of Plant 
Sciences 

Joe Spraker Post-Doc University of Arizona CALS School of Plant 
Sciences 

Ming-Min Lee MS (Lab 
manager) 

University of Arizona CALS School of Plant 
Sciences 

Kayla Garcia BS (Research 
technician) 

University of Arizona CALS School of Plant 
Sciences 

Alison Harrington Ph.D. Student University of Arizona College of Science Department of 
Ecology and 
Evolutionary Biology 

Shuzo Oita Ph.D. Student University of Arizona CALS School of Plant 
Sciences 

Elizabeth Bowman Ph.D. Student University of Arizona CALS School of Plant 
Sciences 

Emma Woytenko Ph.D. Student University of Arizona Graduate 
Interdisciplinary 
Program 

Genetics Department 

Ashton B. Leo M.S. Student University of Arizona CALS School of Plant 
Sciences 

Ellen Pat Undergraduate University of Arizona College of Science 
& College of Social 
and Behavioral 
Sciences 

Molecular and 
Cellular Biology & 
Creative Writing 

Jose Orozco Undergraduate University of Arizona CALS Undecided 
Jamison Carey Undergraduate University of Arizona College of Science Molecular & Cellular 

Biology 
Nathaniel Yang Undergraduate University of Arizona College of Science Molecular & Cellular 

Biology 
Haley Williams Undergraduate University of Arizona College of Science Biochemistry & 

Molecular and 
Cellular Biology 

Jenhiva Ruth Ibarra 
Salazar 

Undergraduate Universidad de 
Sonora, Mexico 

Department of 
Biological and 
Health Sciences 

Biology 

Adam Fernandez Undergraduate Northern Arizona 
University 

Department of 
Biological Sciences 

Biomedical Science 

Warren Mountain Undergraduate University of 
Minnesota Duluth 

College of Liberal 
Arts 

Native American 
Studies 

 
1 College of Agriculture and Life Sciences 
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Supplementary File 1.  
 
BLAST introductions 
 
Mentors, ask your students for this information  
 
• Name 
 
 
 
• Where are they from originally? (OK if students decline to answer, given potential for students to be 
undocumented immigrants) 
 
 
 
• What year are they in school (this coming year)? 
 
 
 
• What is their favorite class, and why? 
 
 
 
• What is their favorite organism/type of organism? 
 
 
 
• What do they want to be ‘when they grow up’? 
 
 
 
 
• What is something interesting about them, which can be shared with the group? 
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BLAST introductions 
 
Students, ask your mentors for this information. 
 
• Name 
 
 
• Where are they from originally? 
 
 
 
 
• What is their professional career stage (undergraduate? Graduate student? Postdoc? Professor?)?  If you’re 
unfamiliar with what that career stage is, or what people do at that career stage, ask about it so you can explain it to 
the class. 
 
 
 
 
• What is their research about?  
 
 
 
 
 
• Why do they love being a scientist? 
 
 
 
 
 
• What is something interesting about them, which can be shared with the group? 
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Supplementary File 2. 
 
Welcome to BLAST 
 
Welcome to BLAST! Our goal over the next few weeks is to engage you in the scientific process through real 
research, while helping you develop professional skills and knowledge regarding molecular biology, biotechnology, 
and microbiology. We are thrilled to share our passion for science and our own research with you. Thanks for being 
a part of BLAST 2017! 
 
To help us make sure that we tailor BLAST to be the most fabulous experience possible for you, we need a little 
information about your background knowledge. 
 
Instructions: 
 
Part 1. Please fill out this form to the best of your ability. If you don’t know the answer to something, that’s really 
okay – just choose ‘I don’t know yet.’ ☺ If you’re pretty sure, go ahead and choose yes or no. 
 
 
1. Most bacteria cause disease      Yes No I don’t know yet 
       
2. There are probably about 100,000 species of bacteria        Yes No I don’t know yet  
 
3. Yeasts are a kind of bacteria      Yes No I don’t know yet  
 
4. Fungi are prokaryotes       Yes No I don’t know yet  
 
5. Fungi always make things rot      Yes No I don’t know yet  
 
6. Bacteria on food will always cause food poisoning    Yes No I don’t know yet  
 
7. Bacteria have DNA       Yes No I don’t know yet  
 
8. Bacteria are living things      Yes No I don’t know yet  
 
9. There are at least 1 million species of fungi    Yes No I don’t know yet  
 
10. Bacteria live in every part of the human environment   Yes No I don’t know yet  
 
11. You have more bacterial cells in/on your body than human cells  Yes No I don’t know yet  
 
12. Antibiotics cure diseases caused by viruses    Yes No I don’t know yet  
 
13. Bacteria can influence local weather     Yes No I don’t know yet  
 
14. Some bacteria are used in food production    Yes No I don’t know yet  
 
15. PCR stands for ‘the polycyclic reaction’     Yes No I don’t know yet  
 
16. When we extract DNA we are only extracting DNA for certain genes Yes No I don’t know yet  
 
17. E. coli bacteria are always bad for you     Yes No I don’t know yet  
 
18. The only real jobs for microbiologists are in the medical field  Yes No I don’t know yet  
 
19. Before today I’ve met at least one professional microbiologist  Yes No I don’t know yet 
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20. Traits like antibiotic resistance are always passed from mother cell      Yes No I don’t know yet  
to daughter cell. 
 
Part 2. To the best of your ability, define or describe the following. Try your best! It’s totally okay if you can’t 
define these yet; by the end of BLAST you’ll be an expert. ☺  
 
1. DNA 
 
 
 
 
 
2. Bacterium 
 
 
 
 
 
3. Fungus 
 
 
 
 
 
4. Ecology 
 
 
 
 
 
5. Gene 
 
 
 
 
 
6. Antibiotic 
 
 
 
 
 
7. Microbiome 
 
 
 
Part 3. Picture a microbiologist in your mind – not the ones in the room, but the kind you might see on TV or in the 
news. Describe that person here by circling all that apply. No judgment here – just be honest and let us know how 
people think about microbiologists by putting a check mark by up to six words from the table. Was your 
‘imaginary microbiologist…’: 
 
Male Female Older adult Younger adult 
Wearing lab coat Not wearing lab coat Working in lab/hospital Working outdoors 
Working with computers Working in healthcare Working in food safety Working with plants 
Happy Uptight Nerdy Smart 
A science ROCK STAR! Fun Helpful to society Helpful to my community 
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Supplementary File 3. 
 
BLAST: How to keep a professional lab notebook 
 
A lab notebook is the most important part of any laboratory research. It’s the document that you use to repeat previous 
experiments, to solve problems when experiments don’t work, and to put together your scientific papers.  
 
Given their importance, it’s critical to learn some key skills regarding how to keep a lab notebook.  
 
Before we discuss lab notebooks, please write ‘TRUE’ next to the points that you think are important for keeping a 
good lab notebook in a microbiology lab. Then write ‘FALSE’ by the things that you think are bad practices for a research 
lab in microbiology. 
 
True or false: 
 
_____ 1. You should never tear out pages of your lab notebook. 
 
_____ 2. You can take your lab notebook home with you every night. 
 
_____ 3. A three-ring binder is better than a bound (book-like) notebook for lab work. 
 
_____ 4. You can cross things out lightly (they should still be legible) but should not erase.  
 
_____ 5. You can let friends borrow your lab notebook for classes and other activities. 

 
_____ 6. You should start each entry with a date and time and note the ending time. 
 
_____ 7. You should take notes directly into your lab notebook, or (if needed), you can securely tape printed notes into 

the notebook. 
 
_____  8. Your notebook has to be a beautiful work of art, perfect and elegant and pretty! 
 
_____ 9. Keep track of which materials you use -- not just the name of the material, but which bottle, what date it was 

purchased, and anything else that might help track down problems. 
 
_____ 10. When you’re doing a batch of things, like extracting DNA from 100 samples, it’s fine to just say, ‘extracted 

DNA from 100 samples’ and leave it at that.  
 
_____ 11. Use common sense and put yourself in another's shoes to ask: is my notebook complete, clear, and accurate? 
 
_____   12. The only person who will ever read your lab notebook is you, so it’s fine to use abbreviations or other shortcuts 

that might not be intuitive to other people. 
 
_____   13. At the end of a project it’s totally fine to throw out a lab notebook. The project is done, after all. 
 
 
 
See these links to learn more about keeping awesome lab notebooks! 
 
https://library.uoregon.edu/datamanagement/labnotebooks.html 
 
http://libguides.stanford.edu/content.php?pid=265055&sid=2189365 
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Supplementary File 4. 
 
Field Data Collection Chart 
 
Name: ______________________________Date: ________________ Soil Type: G / C / D  
 

In Field 
GPS: __________________________________________ 

Soil Temperature ___________ °C 
Nearby plant life: _______________________ 
Soil Sample Collected?  Y  /  N 
Site Photo: Y /  N 
Special Notes: _________________________ 

In Lab 
Soil pH: ________________ 
Soil Organic Matter % 
__________________ 
What do you notice about the soil? 
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Supplementary File 5. 
 
E. H. Woytenko 
June 2017 
 
Making Seed Bags 
 
Materials: 
50 Micron mesh fabric 
Scissors 
Marker 
Ruler 
Autoclave safe thread 
Sewing machine 
Aluminum Foil 
 
 

1. Wipe down counter to ensure clean working surface, sterility is not important. 
 

2. Unfold mesh fabric and measure to appropriate size. For the Corn Seed Experiment, this is 10cm x 16cm. 
Bag must be large enough to allow for all seeds to lie in a flat layer to ensure equal exposure to the soil. 

 
3. Cut fabric to size. 

 
4. Fold each square in half to form bag shape, ensuring that the rough side of the fabric is facing out. Final 

corn seed bags will be 5cm x 8cm.  
 

5. Bags may be sealed by staggering two rows of staples to ensure a complete seal on two edges. 
 

6. Wrap bags in foil to prepare for autoclaving. 10 bags can be wrapped together into a large foil pouch, 
which is ideal for deployment. 

 
7. Autoclave bags on G30 cycle (121C for 30min) 

 
8. Bags are now ready to be filled with seeds, which should be done the day prior to deployment.  
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E. H. Woytenko 
June 2017 
 
Filling Seed Bags 
 
Materials: 
Sterilized seed bags 
Seeds  
70% Ethanol 
Stapler 
Sterile dishes 
 

*All work to be done in a sterile environment* 
 

1. On the day before deployment, sterilize all material entering the sterile environment, which is normally a 
biosafety cabinet. Ensure that stapler and staples are thoroughly cleaned with 70% ethanol prior to use. 

 
2. Count desired number of seeds into sterile dish. For the Corn Seed Experiment, 5 of each seed type are 

required. Number of varieties will vary based upon deployment. 
 

a.  Note: Seeds of the same type (genotypes of corn) may need to be labeled prior  
 to filling bags so that they can be sorted by type for plating. 

 
3. Carefully transfer seeds into the bag. 

 
4. Seal the final edge of the bag shut with a double row of staples, staggering the rows to close any gaps and 

prevent seed predators. Be sure to staple all the way to both edges. 
 

5. Re-wrap the bags in the foil used for autoclaving, with 10 bags per pack, ensuring that the bags are 
contained and the foil has no tears.  

 
6. Bags are now ready for field deployment.  
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A. B. Leo  
June 2017 
 
Processing Seed Bags 
 
Materials: 
Trowels 
Scissors  
Flame 
95% ETOH  
10% Bleach  
70% ETOH  
35 mm petri dishes  
Forceps  
100 mm MEA plates  
Parafilm  
 
 

1. Obtain seed bags from the field via trowel 

2. Cut open one side of the seed bag 

a. Make note of any germination/bugs/anything unusual 

3. Remove the seeds from the bag with forceps  

a. Place inside of an empty 35 mm petri dish 

b. Count the number seeds and record in lab notebooks  

4. Surface sterilize seeds  

a. 95% ETOH – 10 sec 

b. 10% Bleach – 2 minutes  

c. 70% ETOH – 2 minutes  

5. Place petri dish with seeds in hood to air dry. Open the plate slightly. Make sure to label which plate is 

yours.  

6. Using clean forceps, place the now dry seeds onto a 100 mm MEA petri dish.  

a. Space the seeds out so none of them touch 

b. Be careful to not jostle the plate 

7. Parafilm the plate – make sure to parafilm the plate on a flat surface 

8. Label the plate with Name, Date, Number of seeds, JC SEED 
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Sigma Extract-n-Amp Fungal DNA extraction 
Jana U'Ren (2012) DNA extraction from fungal mycelium using Extract-n-Amp. protocols.io 

dx.doi.org/10.17504/protocols.io.ga4bsgw 

 
You will need: 
Sigma Extract-n-Amp reagents  
Sterile 1.5 ml microcentrifuge tubes 
Sterile blue pestles for grinding 
Heat block or water bath set to 95°C 
Thermocycler 
Oligonucleotides (10 uM stocks) 
PCR water 
 

1. Remove a small piece (no bigger than 0.5 cm2) of mycelium from the culture tube, minimizing the amount 

of agar. 

2. Add 100 ul of Extraction Buffer; grind tissue with a sterile pestle; and briefly (<30 sec) centrifuge.  Make 

sure that the mycelium is completely covered with buffer.   

***Do not leave samples in the Extraction Buffer >25 minutes before proceeding to the next step.  

3. Place tubes in heat block or water bath at 95°C for 10 minutes. 

4. Briefly centrifuge to remove condensation. 

5. Add 100 ul of Dilution Buffer and vortex to mix. 

6. Store the tube at 2-8°C until PCR, and then store at -20° to -80°C. 
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PCR Protocol: 
Sigma-Aldrich. 2017. REDExtract-N-Amp™ PCR ReadyMix™.  
 

1. Make PCR master mix by multiplying the volume of each reagent by the number of samples (plus 1-2 extra).  
This doesn’t have to be done on ice because the taq is a hot start enzyme.   Add amp solution, forward and reverse 
primers, and molecular grade water to 1.5-2 ml microcentrifuge tube.  Vortex and centrifuge briefly.  
 

Master Mix 1x   

Amp Solution 10 ul 

Forward (10 uM) 0.8 ul 

Reverse (10 uM) 0.8 ul 

PCR Water 4.4 ul 

Total 16 ul 
 
2. Pipette 16 ul of Master mix into each tube/well.  Add 4 ul of DNA solution from above to each sample. Mix 
gently by pipetting. Centrifuge briefly.  
 
3. Start BA-ITS program on thermocycler. 
 1. 95°C for 3 minutes 
 2. 95°C for 30 sec 
 3. 54°C for 30 sec 
 4. 72°C for 1 min 
 5. Go to step 2 35x 
 6. 72°C for 10 minutes 
 7. 15°C forever.  
 
5.  Add tubes/plate to thermocycler and run program. 
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Yper protocol 
 

N. Garber 2015  
Reference: H. Packheiser, et al. Appl Biochem Biotechnol (2013) 169:695–700 

 
Materials: 
Yper buffer 
Sterile toothpicks 
Two 1.5ml eppendorf tubes 
Molecular water 
Vortex 
centrifuge 

1. Aliquot/dispense 20uL of Yper buffer into sterile Eppendorf tube.  
2. Use sterilized toothpick to scrape bacterial cells from pure single culture. A small clump the size of a 

toothpick tip. 
3. Dissolve bacterial cells into the Yper buffer by agitating toothpick. 
4. Vortex the tubes for 5 seconds. 
5. Place in the heating block (95-98*C) for 5 minutes 
6. Centrifuge tubes for 5 minutes (there will be a pellet at the bottom of the tube!) at 14000 rpm 
7. Take 20uL of the supernatant (liquid solution) and dispense into a new sterile Eppendorf tube.  
8. Dilute supernatant with 80uL of molecular water.  
9. Store in -4 degrees Celsius for short term; store in -20 degrees Celsius for long term.  
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Inoculating Wheat Seeds 
 
Materials: 
Water 
Toothpicks 
Pestle  
Falcon tube 
Eppendorf tube 
95% ETOH  
10% Bleach  
70% ETOH  
35 mm petri dishes  
Forceps  
 
 

1. Remove a disc from the growing edge of a colony, getting as much mycelium or bacterial growth as 

possible 

2. Use a sterile toothpick to transfer the piece into a sterile Eppendorf tube 

3. Add 1 mL of sterile water to the tube with a pipette 

4. Grind with a sterile pestle  

5. Add 300 mL of sterile water to the tube. Close and shake.  

6. Pour into a falcon tube filled with 8.7 mL of sterile water  

a. Problem-solving skill: how can the students be so precise? Each tube already has 5 mL in it, so 

they can use the 1000 mL pipettes to add 3.7 mL (1000uL X 3, 700 uL X 1)  

7. Add 10 surface-sterilized wheat seeds and agitate  

8. Each group produce a experimental and a control  
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Supplementary File 6. 
BLAST Schedule  
Week 1 - Day 1 

Mentor Schedule  
1. Introductions 9:00 am – 10:15 am 

a. Welcome to BLAST  
b. Introduce each peer-mentor and go around and introduce students 
c. All: Students create name cards with card stock and markers. They should please write one goal 

for BLAST inside their folded name card.  
d. Each student pairs with a UA person for interviews and mutual introductions based on the attached 

questions. 
e. Break into groups of 4 for “Spore Toss”  

i. Make sure to have 3-4 small items to toss around 
ii. Questions  

1. Round 1 – Name (reminding everyone) 
2. Round 2 – Favorite thing or cool fact about yourself 
3. Round 3 - What characteristics make a good scientist?  
4. Round 4 – Optional, why did you sign up for BLAST? 

2. Pre-assessment 10:15 am – 10:30 am 
a. Pass out to students. They do not need to write their names.  

3. Receive lab note books and how to keep a proper book  
a. Make sure everyone knows that other people should be able to learn from another person’s lab 

notebook 
4. Break 10:30 am – 10:40 am 

a. Snacks (Granola) 
5. Overview of microbiome 10:40 am – 10:55 am 

a. Lead will present a small lecture. Mentor will bring a computer and adapter.  
6. Morphotype talk/ starbursts exercise 10:55 am – 11:20 am  

a. Small slideshow about morphotypes, diversity, richness, and abundance 
b. Starbursts used to explain (Acts as a snack)  

7. Bacteria/fungus exercise 11:20 am – 11:45 am 
a. Handling the plates with care.  
b. Explain differences between bacteria and fungi  
c. Show plate examples  
d. Answer any questions  
e. Learn how to parafilm plates 
f. Draw bacteria vs. fungi 

8. Review of lab notebooks 11:45 am – 11:55 am 
a. UA mentors should talk with 1-2 students and they should show each other their lab notebooks 

9. Think pair share 11:55 am – 12:05 pm 
a. What did we learn today? 

10. What’s our plan for tomorrow? 12:05 pm – 12:10 pm 
11. Lunch 
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BLAST Schedule  
Week 1 - Day 2 

Mentor Schedule  
1. Introduce new peer-mentor 9:00 am – 9:15 am  
2. Development of research question regarding soil types and seed microbiome  

9:15 am – 9:45 am 
3. Look at seed plates 9:45 am – 10:10 am 

a. Plates from the seed bag experiment. Germination / microbial growth 
b. Group together/ pass plates around 
c. End with class discussion  

i. What they saw 
ii. Answer questions 

4. Break 10:10 am – 10:20 am  
5. Seed bag prep 10:20 am – 11:10 am  

a. Overview of the seed bag (Projected how to) 
b. Paste protocol in notebooks  
c. Cut/staple seed bags together  
d. Autoclave seed bags  

6. Sterilize seeds and place in bag 11:10 am – 12:15 pm  
a. Sterilize seeds following  

i. 95% ETOH – 10 sec 
ii. 10% Bleach – 2 min 

iii. 70% ETOH – 2 min 
b. Allow to air dry for a few minutes 
c. Add seeds into sterile bags (autoclaved previously) 
d. Staple bags shut and wrap back up in foil  

7. Lunch  
 
 
Materials  
-Germinated seed plates (Seed experiment)   
-Mesh material 
-Stapler 
-Autoclave  
-95% ETOH 
-10% Bleach  
-70% EOTH  
-60 mm empty plates 
-Wheat seeds 
-Forceps  
-Aluminum foil 
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BLAST Schedule  
Week 1 – Day 3 

Mentor Schedule  
1. Review of seed experiment 9:00 am – 10:00 am  

a. Soil types should be known. Review briefly  
b. Proper field techniques (pictures, be prepared, have water) 
c. Field data exactly how to collect each of the following  

i. Hands on with equipment (pass around what we will be using)  
ii. Soil pH 

iii. Soil Organic Material  
iv. Soil temperature  

2. Deploy seed bags 10:00 am – 10:45 am 
a. We will travel as a full group to both sites.  
b. Using degraded soil (average ground with no vegetation)  
c. Using compost  

i. Make sure to mark our locations  
d. Gather field data  

i. See 1c. 
ii. Take photos of sites and students  

3. Back to classroom for small break 10:45 am – 11:00 am 
4. Plate soil samples 11:00 am – 11:45 am 

a. Using hood in classroom  
b. Guide students through dilution steps  
c. Have each soil type work together  

5. Detail harvesting and plan for tomorrow 11:45 am – 12:00 pm 
6. Think-pair-share 12:00 pm – 12:20 pm 
7. Lunch 

 
 

 
Material list  
-Shovels  
-Tape measure  
-Falcon tubes  
-Orange buckets  
-DD H2O  
-Parafilm  
-Plates  
-pH tape  
-Thermometer  
-Site marking device  
-1000’s pipette tips  
-Cell spreader  
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BLAST Schedule  
Week 1 – Day 4 

 
Mentor Schedule  

1. Introduce new UA peer-mentors 9:00 am – 9:05 am 
2. Discuss variation in plates 9:05 am – 9:15 am  

a. MEA, V8, Oatmeal, Molasses – yeast  
3. Look at plates from Monday 9:15 am – 9:30 am  
4. Harvest seeds bags 9:30 am – 10:05 am  
5. Process seed bags 10:05 am – 11:30 am  

a. Dust off seed bags 
b. Cut off top of seed bags 
c. Use forceps to remove seeds – place in 35 mm petri dish 

i. Count total number of seeds / note if any had germinated 
d. Surface sterilize  

i. 95% ETOH – 10 sec 
ii. 10% Bleach – 2 minutes  

iii. 70% ETOH – 2 minutes  
e. Allow 15 minutes to dry  

6. Break 10:50 am – 11:00 am  
7. Plate on 100 mm – MEA Plates  

a. Even spacing  
b. Label with - Name, Date, Soil type, and JC Seeds 
c. Parafilm  
d. Place into incubation chamber  

8. Look at soil plates from Thursday 11:30 am – 11:45 am  
9. Go over field trip information for tomorrow 11:45 am – 12:00 pm 
10. Think-pair-share 12:00 pm – 12:15 pm 
11. Lunch 

 
 
Materials 
-Trowels 
-Scissors 
-Forceps 
-35 mm petri dishes  
-95% ETOH  
-10% bleach  
-70% ETOH  
-100 mm MEA plates  
-Sharpies  
-Parafilm  
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BLAST Schedule  
Week 1 - Day 5 

Mentor Schedule  
1. Meet new UA peer-mentor 9:00 am – 9:10 am  
2. Reminder of proper lab etiquette 9:10 am – 9: 20 am  
3. Walk to campus 9:20 am – 9:40 am  
4. Tour of the Arnold lab groups 9:45 am – 11:00 am  

a. Break into groups 
i. Explain the function of each room in the Arnold lab  

ii. Microscope room 
1. Have a few plates near the dissection scope and let students see up-close images.  
2. Explain the long-term storage (water voucher, permits, explain that we have 

samples from all over the world) 
3. Small pep talk about being able to do science anywhere 
4. Activity – using a few plates, let the students attempt to get the 

best/coolest/creepiest image they can manage 
iii. PCR room  

1. Explain why we have a PCR bench 
2. Talk about the different fridges  
3. Talk about sequencing on the computer 
4. Activity – practice some pipetting. Use water. Use boxes labeled for BLAST. 

Have them create equal sized drops using a variety of pipette sizes 
iv. Hood room  

1. Explain the different hoods type and why it’s important  
2. Detail autoclave area  

a. Show them to the autoclave room  
3. Activity - Talk with anyone who is working  

v. Culture room  
1. Make sure no one touches the Gel bench  

a. Explain why 
2. Talk about the cultures in the room  
3. Show the media bench and the huge variety 
4. Detail how we use mite traps and why  
5. Activity – physically look at cultures, pass around, and ask questions. 

b. Talk about the general flow of the lab  
c. Have people currently working explain their projects  

5. Break 11:00 am – 11:15 am  
6. Make way to talk 11:15 am – 11:30 am  
7. USDA APHIS Agent talk 11:45 am – 12:15 pm  
8. Walk back to TMHS 12:15 pm – 12:30 pm  
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Supplementary File 7. 
BLAST Schedule  
Week 2 - Day 1 

 
Mentor Schedule  

1. Introduce new UA peer-mentor 9:05 am – 9:10 am  
2. Take out JC seed plates 9:10 am – 9:20 am 

a. Review plates / write down notes  
3. Isolation 9:20 am – 10:20 am  

a. Explain why axenic cultures are important 
b. Give a demonstration of how to isolate  

i. To be done in hood 
c. Everyone isolates their cultures from their seeds  
d. If no cultures / share  

4. Break 10:20 am – 10:35 am  
5. Seed with Trans-Arid Microbes Project (STAMPS) talk 10:35 am – 11:00 am 

a. The kind of research you can do in a lab as a college student 
6. Inoculate seeds 11:00 am – 11:45 am  

a. If enough material is present  
b. Hand out protocol  

7. Vouchering presentation 11:45 am – 12:00 pm  
a. Explain what it is and the significance  
b. Pictures of how we complete it  
c. Pass around screw cap micro tubes, 2mL (2-3)  
d. Difference between bacterial and fungal vouchers 

8. Think-pair-share 12:00 pm – 12:15 pm 
9. Lunch 

 
 

Material list  
-Tips 
-Pestles 
-Toothpicks 
-Falcon tubes 
-Water 
-Pipettes 
-MEA plates for isolation 
-Screw cap micro tubes 
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BLAST Schedule 
Week 2 - Day 2 

 
Mentor Schedule  

1. Plating seeds from yesterday’s inoculation 9:00 am – 9:30 am  
a. Surface sterilize seeds  
b. Dry – 5 minutes 
c. Plate – 2 x 100 MEA plates per group 

2. Harvest seeds bags 9:30 am – 9:50 am  
a. Detail any changes in site 
b. Special Notes 

3. Process seeds bags 9:50 am – 10:10 am 
a. Open bags / remove seeds with forceps  
b. Surface sterilize seeds  
c. Allow to air dry  

*Turn on Hot plates for DNA extractions* 
4. Plate seeds 10:10 am – 10:35 am  

a. Plate seeds from harvest sites on MEA  
b. Make sure to specify which site they are from 

5. DNA extraction from JC isolations 10:35 am – 11:20 am  
a. Take out plates 
b. Pass out protocols  
c. Determine if we should extract fungi or bacteria 

6. Break 11:20 am – 11:30 am  
7. Anti-biotic presentation 11:30 am – 11:45 am  
8. Anti-biotic activity 11:45 am – 12:00 pm 
9. Think-pair-share 12:00 pm – 12:20 pm  

a. Brainstorm for group projects 
10. Lunch 
 

Material list  
-Forceps 
-95% ETOH 
-10% Bleach  
-70% ETOH  
-Empty 35 mm plates 
-Parafilm 
-100 mm MEA plates 
-150 mm MEA plates 
-LB media + each antibiotic (Kanamycin, Ciprofloxacin, Ampicillin, Tetracycline)  
-Toothpicks 
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BLAST Schedule  
Week 2 - Day 3 

 
Mentor Schedule  

1. Introduce new UA peer-mentor 9:05 am – 9:15 am  
a. Visiting Scientist to the lab 
b. What is a visiting scientist? 

2. Take out plates from yesterday 9:15 am – 9:30 am 
a. Garden plates  
b. Compost plates 
c. Write down in lab notebooks 

3. Antimicrobial interactions 9:30 am – 9:45 am  
a. Talk by leader  
b. Save a few minutes for questions 

4. DNA extraction 9:45 am – 10:30 am 
a. If they completed a fungal DNA extract, they will now do a bacterium and vice versa  

5. PCR introduction 10:30 am -10:45 am   
a. Small lecture  
b. Pass out protocol  
c. Make sure the steps are fully understood  

6. Break 10:45 am – 11:00 am  
7. PCR 11:00 am – 12:15 pm  

a. Have all reagents ready  
b. Divide into 4 groups 

i. Each group will have a UA mentor who will assist with master mix prep  
8. Think-pair-share 12:15 pm – 12:30 pm 
9. Lunch 

 
Material list  
-Tips 
-Pipettes  
-Pestles 
-Extraction  
-Dilution solution  
-Tubes  
-YPER  
-Toothpicks 
-Water 
-PCR reagents  
-PCR calculator  
-PCR Tubes  
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BLAST Schedule  
Week 2 - Day 4 

 
Mentor Schedule  

1. Introduce new UA peer-mentor 9:00 am – 9:05 am 
2. Lab notebook checkup 9:05 am – 9:25 am  

a. What is important for a lab notebook?  
i. Have them explain a few key points 

b. Scan over their own books 
c. Trade with group members and discuss how to improve lab notebooks 

3. What is gel electrophoresis 9:25 am – 9:35 am 
a. Small talk about what a gel is and why we use it (5-7 minutes)  
b. Make gel 

4. Run gel 9:35 am – 9:45 am  
a. Using samples from yesterday 

5. Theme presentation 9:45 am – 10:00 am  
a. While gels are running  

6. Image gels 10:00 am – 10:15 am  
7. Break 10:15 am – 10:30 am  
8. Group projects 10:30 am – 11:50 am 

a. Break into groups  
b. Talk with UA leader 
c. Use laptops to find literature 
d. Develop project concept / timeline / general game plan  
e. Possibly flesh out a materials list  
f. Hypothesis 

9. Present group projects 11:50 am – 12:00 pm 
a. Title 
b. Theme 
c. Question  
d. Hypothesis  
e. Or a flow chart with plans 

10. Think-pair-share 12:00 pm – 12:15 pm  
11. Lunch 

 
 

 
Material list  
-Gel material  
-Tips 
-Pipettes 
-Laptops 
-White boards 
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BLAST Schedule  
Week 2 - Day 5 

Mentor Schedule  
1. Introduce new UA peer-mentor 9:05 am – 9:10 am  
2. Take out compost and degraded soil seed plates 9:10 am – 9:30 am  

a. Score germination  
b. Record fungal/bacterial growth 
c. Diagram in lab notebooks 

3. Isolate fungi and bacteria from HS seed plates 9:30 am – 9:50 am  
a. In hoods 
b. Wear lab coats 

4. DNA sequencing & BLAST 9:50 am – 10:10 am  
a. Small lecture  

5. Break 10:10 am – 10:25 am  
6. Group projects 10:30 am – 12:00 pm 

a. Bring out laptops for literature 
b. Isolating fungi/bacteria for their work  
c. Set up incubators  
d. Determine what each group needs for materials 

7. Think-pair-share 12:00 pm – 12:15 pm 
8. Lunch 

 
 

 
Material list  
-Toothpicks 
-Water 
-MEA plates for isolation 
-LB plates for isolation 
-Parafilm 
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Supplementary File 8. 
BLAST Schedule  
Week 3 - Day 1 

 
Mentor Schedule  

1. Introduce new UA peer-mentor 9:05 am – 9:10 am  
2. Take out plates 9:10 am – 9:30 am 

a. Determine which bacteria and fungi for extraction  
3. DNA extraction 9:30 am – 10:10 am  

a. Fungi in back left hood 
b. Bacteria in back right hood  
c. Students should have protocols already *notebook check* 

4. Break 10:10 am – 10:20 am  
5. Group projects 10:20 am – 11:50 am 

a. Bring out laptops for literature 
b. Make sure that everyone has materials needed 
c. Get incubators set up  
d. Help students with questions  

6. Room cleanup and materials check 11:50 am – 12:00 pm 
7. Think-pair-share 12:00 pm – 12:15 pm 
8. Lunch 

 
 

 
Material list  
-Extraction solution 
-Dilution solution 
-1.5 mL tubes 
-Toothpicks 
-YPER 
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BLAST Schedule  
Week 3 - Day 2 

Mentor Schedule  
1. PCR samples from yesterday 9:00 am – 10:00 am 

a. Break into fungi and bacteria groups  
b. Mentors prepare master mix   

2. Break 10:00 am – 10:10 am  
3. Presentation expectation 10:10 am – 10:15 am  

a. What to include in their presentation 
b. Types of presentations they can complete  

4. Data talk 10:15 am – 10:20 am  
a. Quantitative vs. qualitative  
b. What can you record?  

5. Group projects 10:20 am – 11:50 am 
a. Collect data 
b. Plan for presentation 
c. Continue to research for literature  

6. Room cleanup and materials check 11:50 am – 12:00 pm 
7. Think-pair-share 12:00 pm – 12:15 pm 
8. Lunch 

 
 

 
Material list  
-PCR reagents 
-PCR tubes 
-Tips  
-Pipettes 
-1.5mL tubes  
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BLAST Schedule  
Week 3 - Day 3 

Mentor Schedule  
1. Introduce new UA peer-mentor 9:05 am – 9:10 am  
2. Take out plates 9:10 am – 9:30 am 

a. Final counts of germination, fungal growth, and bacterial growth 
b. Group up and work on whiteboards to develop graphs 

i. Analyze data  
c. Notice any trends and conduct quick statistics 

3. BLAST and DNA sequencing 9:30 am – 10:00 am  
4. Break 10:00 am – 10:10 am  
5. Group projects 10:10 am – 11:50 am 

a. Bring out laptops for literature 
b. Help students with questions  
c. Collect data 
d. Begin presentations 

6. Room cleanup and materials check 11:50 am – 12:00 pm 
7. Think-pair-share 12:00 pm – 12:15 pm 
8. Lunch 

 
 

 
Material list  
-Sequences  
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BLAST Schedule  
Week 3 - Day 4 

Mentor Schedule  
1. Collect final data and complete statistics 9:00 am – 10:00 am 

a. Flesh out graph ideas  
b. Help format different graphs  
c. Looking at the data – What future work would you like to complete? 

2. Break 10:10 am – 10:20 am  
3. Group projects 10:20 am – 11:50 am 

a. Complete presentations 
b. Practice presentations 

4. Room cleanup and materials check 11:50 am – 12:00 pm 
a. Clean out incubators  

5. Think-pair-share 12:00 pm – 12:15 pm 
6. Lunch 

 
 

 
Material list  
-NA 
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BLAST Schedule  
Week 3 - Day 5 

Mentor Schedule  
1. Post-assessments 10:30 am – 10:40 am  
2. Presentations 10:40 am – 11:20 am  
3. Certificates 11:20 am – 11:30 am  
4. Lunch 11:30 am – 12:00 pm 

 
 

**Make sure everyone signs in** 
 
 

 
Material list  
-Certificates  
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Supplementary File 9. 
Student Schedule  
Week 1 - Day 1 

 
1. Introductions & name cards 
2. Pre-assessment 
3. Break  
4. Microbiome talk with A. Elizabeth Arnold 
5. Morphotyping and starbursts 
6. Fungi and bacteria – Petri dish discovery  
7. How to keep a proper lab notebook 
8. Think-pair-share  
9. Planning for tomorrow 
10. Lunch! 

9:00 am – 10:15 am  
10:15 am – 10:30 am  
10:30 am – 10:40 am  
10:40 am – 10:55 am  
10:55 am – 11:20 am  
11:20 am – 11:45 am 
11:45 am – 11:55 am 
11:55 am – 12:05 pm  
12:05 pm – 12:10 pm  

 
Student Schedule 
Week 1 - Day 2 

 
1. New peer-mentors 
2. Developing scientific questions – A. Elizabeth Arnold  
3. Germinating seed plates 
4. Breaks 
5. Seed Bag preparation 
6. Seed sterilization and bag completion  
7. Lunch 

9:00 am – 9:15 am  
9:15 am – 9:45 am  
9:45 am – 10:10 am  
10:10 am – 10:20 am  
10:20 am – 11:10 am  
11:10 am – 12:15 pm  
 

 
Student Schedule 
Week 1 - Day 3 

 
1. Seed Experiment 101  
2. Deploy seed bags 
3. Break / Snack 
4. Plate soil samples 
5. What to expect for tomorrow  
6. End of the day recap  
7. Lunch 

9:00 am – 10:00 am  
10:00 am – 10:45 am  
10:45 am – 11:00 am  
11:00 am – 11:45 am  
11:45 am – 12:00 pm  
12:00 pm – 12:20 pm  
 

 
Student Schedule 
Week 1 - Day 4 

 
1. Introduce new UA peer-mentor 
2. Review swab plates from Monday 
3. Harvest seeds bags  
4. Surface sterilize seeds 
5. Break  
6. Plate wheat seeds  
7. Look at yesterday’s soil plates 
8. Field trip information 
9. Think-pair-share 
10. Lunch  

9:00 am - 9:15 am  
9:15 am – 9:30 am  
9:30 am – 10:05 am  
10:05 am – 11:30 am  
10:50 am – 11:00 am  
11:00 am – 11:30 am 
11:30 am – 11:45 am  
11:45 am – 12:00 pm 
12:00 pm – 12:15 pm 
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Student Schedule 
Week 1 - Day 5 

 
1. New UA peer-mentor 
2. Review proper lab etiquette  
3. Walk to Arnold lab  
4. Tour the Arnold lab 
5. Break 
6. Presentation by USDA APHIS agent 
7. Walk back to THMS 
8. Lunch   

9:00 am – 9:10 am  
9:10 am – 9:20 am  
9:20 am – 9:40 am  
9:45 am – 11:00 am  
11:00 am – 11:15 am  
11:45 am – 12:15 pm  
12:15 pm – 12:30 pm  
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Supplementary File 10. 
Student Schedule 
Week 2 - Day 1 

 
1. Introduce new UA peer-mentor 
2. Review JC seed plates 
3. Demonstration of microbial isolation techniques  
4. Break 
5. STAMPS project 
6. Inoculating seeds 
7. Vouchering 
8. Think-pair-share 
9. Lunch 

9:05 am – 9:10 am  
9:10 am – 9:20 am  
9:20 am – 10:20 am  
10:20 am – 10:35 am  
10:35 am – 11:00 am  
11:00 am – 11:45 am  
11:45 am – 12:00 pm  
12:00 pm – 12:15 pm  

 
Student Schedule 
Week 2 - Day 2 

 
1. Plate inoculated seeds 
2. Harvest seed bags 
3. Surface sterilize seed bags 
4. Plate seeds 
5. DNA extractions 
6. Break 
7. Anti-biotic talk  
8. Anti-biotic activity  
9. Think-pair-share  
10. Lunch 

9:00 am – 9:30 am  
9:30 am – 9:50 am  
9:50 am – 10:10 am  
10:10 am – 10:35 am  
10:35 am – 11:20 am  
11:20 am – 11:30 am  
11:30 am – 11:45 am  
11:45 am – 12:00 pm  
12:00 pm – 12:20 pm  

 
Student Schedule 
Week 2 - Day 3 

 
1. Introduce new UA peer-mentor 
2. Review HS seed plates 
3. Antimicrobial interactions 
4. DNA extractions 
5. PCR introduction 
6. Break 
7. PCR 
8. Think-pair-share 
9. Lunch 

9:05 am – 9:15 am  
9:10 am – 9:30 am  
9:30 am – 9:45 am  
9:45 am – 10:30 am  
10:30 am – 10:45 am  
10:45 am – 11:00 am  
11:00 am – 12:15 pm  
12:15 pm – 12:30 pm  

 
Student Schedule 
Week 2 - Day 4 

 
1. Introduce new UA peer-mentor 
2. Gel overview  
3. Run gels 
4. Project theme presentation 
5. Image gels 
6. Break 
7. Group projects 
8. Think-pair-share 
9. Lunch 

9:05 am – 9:10 am  
9:10 am – 9:20 am  
9:20 am – 9:40 am  
9:40 am – 9:55 am  
9:55 am – 10:15 am  
10:15 am – 10:30 am  
10:30 am – 12:00 pm  
12:00 pm – 12:15 pm  
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Student Schedule 
Week 2 – Day 5 

 
1. Introduce new UA peer-mentor 
2. Score compost and degraded seed plates  
3. Isolating fungi and bacteria 
4. DNA sequencing and BLAST 
5. Break  
6. Group projects 
7. Think-pair-share 
8. Lunch 

9:05 am – 9:10 am  
9:10 am – 9:30 am  
9:30 am – 9:50 am  
9:50 am – 10:10 am  
10:10 am – 10:25 am  
10:30 am – 12:00 pm  
12:00 pm – 12:15 pm  
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Supplementary File 11. 
 

Student Schedule 
Week 3 – Day 1 

 
1. Introduce new UA peer-mentor 
2. Compost and degraded seed plates  
3. DNA extraction 
4. Break  
5. Group projects 
6. Clean up 
7. Think-pair-share 
8. Lunch 

9:05 am – 9:10 am  
9:10 am – 9:30 am  
9:30 am – 10:10 am  
10:10 am – 10:20 am  
10:20 am – 11:50 am  
11:50 am – 12:00 pm  
12:00 pm – 12:15 pm  
  

 
Student Schedule 
Week 3 – Day 2 

 
1. PCR samples 
2. Break 
3. What makes a good scientific presentation? 
4. Review data and discuss graphing 
5. Group projects 
6. Clean up 
7. Think-pair-share 
8. Lunch 

9:00 am – 10:00 am  
10:00 am – 10:10 am  
10:10 am – 10:15 am  
10:15 am – 10:20 am  
10:20 am – 11:50 am  
11:50 am – 12:00 pm  
12:00 pm – 12:15 pm 

 
Student Schedule 
Week 3 – Day 3 

 
1. Introduce new UA peer-mentor 
2. Review seed plates for final data collection  
3. BLAST and DNA sequencing  
4. Break  
5. Group projects 
6. Clean up 
7. Think-pair-share 
8. Lunch 

9:05 am – 9:10 am  
9:10 am – 9:30 am  
9:30 am – 10:00 am  
10:00 am – 10:10 am  
10:10 am – 11:50 am  
11:50 am – 12:00 pm  
12:00 pm – 12:15 pm  
 

 
Student Schedule 
Week 3 – Day 4 

 
1. Collect final data 
2. Break 
3. Group projects and time to practice presentations 
4. Clean up 
5. Think-pair-share 
6. Lunch 

 

9:00 am – 10:00 am  
10:00 am – 10:10 am  
10:20 am – 11:50 am  
11:50 am – 12:00 pm  
12:00 pm – 12:15 pm  
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Student Schedule 
Week 3 – Day 5 

  
1. Sign in and complete post-assessment   
2. Group presentations 
3. Certificates  
4. Lunch  
5. Thank you! 

 

9:00 am – 9:10 am  
9:10 am – 10:10 am  
10:20 am – 10:30 am  
10:30 am – 11:30 am  
11:30 am – 11:45 am  
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Supplementary File 12. 
 
Pre- and post-test vocabulary rubric  
 

No 
understanding 

Low 
understanding 

Low/Medium 
Understanding 

Medium 
Understanding 

Medium/ High 
Understanding 

High 
understanding 

0 1 2 3 4 5 
Student appears 
to have no 
understanding 
of the 
vocabulary 
word. The 
student may 
have left the 
term blank or "I 
don't know." 

Student appears 
not to have an 
understanding of 
the vocabulary 
word. The 
student has 
responded to the 
vocabulary word 
with a single 
word or phrase. 
The response is 
incorrect and 
unclear.  

Student appears 
not to have an 
understanding of 
the vocabulary 
word. The 
student has 
responded to the 
vocabulary word 
with a single 
word or phrase. 
The response is 
lacks clarity and 
needs to be 
further explored.  

The student has a 
partial 
understanding of 
the vocabulary 
word. The 
student has 
provided a 
definition of the 
vocabulary 
word. The 
definition is 
unclear and not 
fully correct.  

The student has 
an understanding 
of the 
vocabulary 
word. The 
student has 
provided a 
definition. The 
definition is 
clear and 
correctly 
explains the 
meaning of the 
word. 

The student has 
an 
understanding of 
the vocabulary 
word. The 
student has 
provided a 
definition and an 
example. The 
description uses 
scientific 
vocabulary to 
clearly support 
their answer.  
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