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ABSTRACT
Floral microbes are an overlooked aspect of the extended floral phenotype. Through
altering floral nectar chemistry, they can mediate interactions between flowers, pollinators, and
other floral microbes, with significant implications for plant and pollinator health. Interactions
between floral microbes and pollinators are critically important to understand, as pollinators
provide important ecosystem services in both natural and agriculture systems. Here, I explored
how floral nectar traits affected both evolution and competition within the floral yeast
Metschnikowia reukaufii, the floral bacterium Bacillus subtilis, and other microbes isolated from
Brassica rapa nectar, an important plant model system and oilseed crop. To address this, I
conducted a multigenerational evolution study of these microbial species within different
artificial nectar environments. To quantify shifts in microbial resource use and performance, I
quantified nectar quality via shifts in sugar concentration (BRIX) and colony-forming units
(CFUs), respectively. While no difference in CFU counts was observed in the presence of
sinigrin, a secondary metabolite common to B. rapa nectar, there were significant differences in
nectar use based on both nectar background and generation. Furthermore, BRIX values revealed
that both B. subtilis and M. reukaufii evolved to consume less sugar over generational time.
Additionally, more sugar was consumed within the sinigrin nectar background than control
nectar. To determine how microbe-induced shifts may impact floral evolution, we also conducted
pollinator preference assays with isolates from each background using artificial flowers. Our
results showed no conclusive evidence of Bombus impatiens preference between species,
generation, or nectar background. These results can be further tested using modified
methodology to decisively conclude how microbe-induced nectar shifts can change B. impatiens
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nectar preferences. Understanding the evolutionary relationships between nectar-colonizing
microbes and bees can provide more context for complex interactions involved in the pollination
of agricultural and natural systems.
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INTRODUCTION
Understanding how natural selection acts on phenotype is a complex challenge in
evolutionary biology because phenotypic variation stems from the interaction between genotype
and the environment. Flowering plants however represent promising model systems for
exploring such links. Flowers themselves are highly plastic, and for certain species, they can be
easily manipulated to separate environmental and genetic factors contributing to observed
phenotype. Pollinators, such as bumble bees, are one such factor that is widely recognized for
shaping floral phenotype. Pollinators act as selective pressures by influencing the diversity of
colors, shapes, and scents that we observe among angiosperms. Along with pollinators, flowering
plants interact with a diversity of other organisms; thus, flowers likely represent the culmination
of pressures experienced by multiple selective agents.
The anthosphere microbiome is an important and understudied extension of the floral
phenotype. Floral microbes impact the extended floral phenotype via their metabolism of nectar
sugars, amino acids, and proteins found in nectar and pollen (Rebolleda-Gomez et al., 2019). As
a result, microbes alter the floral phenotype in ways that can alter pollinator preference and thus,
floral selection (Vannette, 2020). While little is known about how floral microbes affect plant
fitness, since floral traits can affect trait selection of floral microbes, floral microbes in turn may
impact floral trait selection and vice versa (Rebolleda-Gomez et al., 2019). Additionally,
pollinator preference is largely determined by floral morphology and olfactory traits (Zu et al.,
2020) including nectar sugar content, scent, color, and additional nectar volatiles (Cai et al.,
2016; Gervasi & Schiestl, 2017; Ramos & Schiestl, 2019). Because microbes play a role in
altering floral chemistry (Rering et al., 2018), they may also indirectly alter pollinator preference
(Álvarez-Pérez et al., 2012; Vannette et al., 2013; Vannette & Fukami, 2016). Pollinator
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preference has shown to have both innate chemosensory and learned components (Schaeffer et
al., 2019). Therefore, these interactions between host plant, floral microbes, and pollinators
create a complex web of potential symbiosis and coevolution that can be difficult to predict and
describe.
Microbes have both direct and indirect effects on plant plasticity and fitness. While we
are still understanding their impacts in flowers, microbes in other parts of the phyllosphere can
provide nutrients to limit environmental stress and alter host responses to the environment via
microbial signaling (Goh et al., 2013). Microbes that are specifically beneficial to plants when
found in the soil are called plant growth-promoting rhizobacteria (PGPR). They stimulate root
growth and protect the plant from pathogens by creating products like hormones and antibiotics
(Berendsen et al., 2012). B. subtilis specifically increases iron uptake which leads to higher
chlorophyll, photosynthesis, and thus, growth (Zhang et al., 2009). Additionally, microbes
contribute their own volatile organic compounds which can alter pollinator visitation. Because
microbes can affect plant fitness it is advantageous for them to select for a microbial community
that will benefit them as an extension of their own personal phenotype.
Little is known on how plants regulate the floral microbiome. However, plants can
manipulate microbial presence in the rhizosphere via root exudates which suggests that they may
be capable of manipulating microbial presence in the anthosphere (Goh et al., 2013). Microbes
are capable of migration from the soil, however, the floral environment acts as a filter by
selecting a more narrow community (Massoni et el., 2021). Ethylene, jasmonic acid, and
salicylic acid all play a role in microbe selection (Jones et al., 2019). The flower environment
itself includes many characteristics similar to the rhizosphere that can act as selective pressures;
including pH, plant provisioned compounds, and the presence of other microbes in addition to
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unique pressures including high osmotic pressure, low oxygen levels, and the presence of
antimicrobials such as H2O2 (Álvarez-Pérez et al., 2012). These selective pressures may be
variable within plant hosts and I will attempt to determine how the host plant’s nectar plays a
role in selection on microbes. I will also address the pollinator, whose foraging preference plays
a key role in plant trait selection (Zu et al., 2020).
The goal of the proposed research is to create more insight into the complex evolutionary
relationships between floral microbes, plant host, and pollinator. To begin addressing this, my
research focuses on these two specific questions: 1) How does microbial competition and
floral colonization impact nectar characteristics and resource allocation? and 2) How does
microbial presence and evolution impact pollinator preferences? Current research on crosskingdom interactions involving plants, pollinators, and microbes is key to improving our worlds
crop production (Borghi & Fernie, 2020), by studying how factors influencing pollination
services impact humans (Gervasi & Schiestl, 2017).

Model System
To effectively address these objectives, I used the model plant system B. rapa, pollinator
Bombus impatiens, and nectar-colonizing microbes B. subtilis, M. reukaufii, Methylobacterium
extorquens, and another unidentified bacterial species. Metschnikowia reukaufii is a yeast that is
commonly found in floral nectar at densities of 103–104 cells mm-3 .as well as on pollinators such
as bees (Álvarez-Pérez et al., 2012; Hausmann et al., 2017; Schaeffer et al., 2015). Unlike yeast,
there isn’t a specific bacterium that has been identified as being highly universal. However, I will
use B. subtilis as my model bacterium because Bacilli are commonly found in floral nectar,
including in Brassica, and transmitted vertically from flower to seed (Rybakova et al., 2017).
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Yeasts have been more extensively studied in floral nectars than bacteria, so including B. subtilis
will provide additional insight into floral microbe effects on plant-pollinator mutualisms
(Vannette et al., 2013). Additional bacterial species included in this study were isolated from B.
rapa. Methylobacterium extorquens was also identified in this process. Bacteria belonging to the
genus Methylobacterium make up a large portion of those isolated from B. rapa. This genus is
easily culturable and transmitted via seed making them another great vertically transmitted
endophyte model (Roodi et al., 2020). The model pollinator chosen for this experiment will be
the bumble bee (Bombus impatiens) because it is easy to rear in the lab and pollinates B. rapa
(Ramos & Schiestl, 2019).

METHODS
Objective 1: Microbial competition and floral colonization effects on nectar characteristics
and resource allocation
In order to use floral colonists that are found in B. rapa flowers, I grew plants to allow for
natural colonization of nectar. Thirty-two B. rapa plants were grown under sterile greenhouse
conditions. During flowering, the plants were placed outside to allow for natural pollinator
visitation from 8:00 am to 12:00 pm. Using sterile forceps, mature flowers were removed,
washed in sterile 1X phosphate buffered saline solution (PBS 0.1% Tween 20), and sonicated for
3 minutes. Microbes were isolated by plating 100 µL of suspension on yeast malt agar (YM) and
Reasoner’s 2A agar (R2A) plates and incubation at 27 °C. Isolates selected for this in-vitro
evolution experiment included M. reukaufii (one isolated from B. rapa in Utah and another
isolated from Corydalis in Colorado), B. subtilis, M. extorquens, and one additional bacteria
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species that was unidentified. These isolates were chosen for this experiment because they were
isolated from multiple flowers after pollination.
To mimic B. rapa nectar, a synthetic solution was prepared following Taylor & Davis
(2004). The base nectar was 47.57% fructose, 0.33% sucrose, and 52.15% glucose (Russell &
McFrederick, 2021). Peptone was added at a 0.015 g/50 mL concentration and NEAA (nonessential amino acid) at 0.75 mL/50 mL. To test the effects of nectar metabolites on microbial
evolution, the glucosinolate sinigrin was added to the test treatment immediately before use at a
concentration of 250 µmol, a level similar to those found in nectar (Ramos and Schiestl, 2019).
Additionally, I decided to focus my efforts on sinigrin because it is present in B. rapa flower
nectar (Ramos & Schiestl, 2019) that has been found to significantly impact pollinator
preferences.
All isolates were grown in both control nectar and sinigrin inoculated nectar.
Additionally, B. subtilis and M. reukaufii were grown in a co-inoculation treatment to test
competition effects. 2 µL of 400 cells/µL cell suspensions were added to 18 µL of the synthetic
nectar in polymerase chain reaction tubes, referred to as “artificial flowers” from this point. All
nectar and isolate combinations were replicated 5 times. Artificial flowers were then incubated at
room temperature (21°C) for 2 days (the average lifespan of a B. rapa flower from previous
observations of flowering). After 2 days, 2 µL were then transferred to a new artificial flower
with 18 µL of new synthetic nectar. Previous studies have conducted experiments for hundreds
of generations (Barrick et al., 2009). To determine if microbial shifts could occur in the same
time frame as floral phenotypic shifts (Ramos & Scheistl, 2019; Gervasi & Scheistl, 2017),
artificial flower transfers were repeated for a total of 8 generations to mimic conditions resulting
in significant differences found in Ramos & Scheistl (2019).
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At the end of each generation, 10 µL of inoculated nectar was combined with 90 µL of
DI water for plating on their respective agar types for optimal growth. Metschnikowia reukaufii
from both Utah and Colorado were plated on YM plates supplemented with chloramphenicol
(100 mg/mL). B. subtilis was plated on NA plates (with cycloheximide). M. extorquens and the
unidentified bacterium were plated on R2A plates with cycloheximide (100 mg/mL). CFU
counts were recorded for all successful plates. While I plated all isolates, only the B. subtilis and
M. reukaufii plates had CFUs through all 8 generations of this experiment. Therefore, I will
primarily present CFU counts for M. reukaufii and B. subtilis. Plates with contamination were
discarded and not used for data collection. To quantify nectar quality, the remaining nectar was
used to collect BRIX sugar concentrations to compare sugar use and resource quality.
Data Analysis
To monitor nectar characteristics, BRIX sugar concentrations were taken for each of the 5
replicates for nectar background and generation. A two-way repeated measures ANOVA was
used to determine if there were significant differences in BRIX sugar concentration between
generation and nectar background. Data from generations 1, 3, 4, 5, 7, and 8 were used for all
treatments except for M. reukaufii (UT), which did not include generation 3. Additionally, for
microbial performance, I assessed CFU counts for M. reukaufii (CO) and B. subtilis for
generations 1, 3, 5, and 8 to monitor microbial growth using a two-way repeated measures
ANOVA as used on the BRIX data.
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Objective 2: Pollinator preference based on microbial presence and evolution
Part 1: Microbe preference
To determine if microbial phenotypic shifts impact pollinator preferences, bumble bee
foragers were released into a flight cage to make choices between artificial flowers inoculated
with isolates from each treatment and generation (Fig. 1). Using 1.5 mL tubes and Styrofoam,
artificial flowers were constructed following Schaeffer et al. (2017). Artificial flowers with an
isolate from different treatments were placed in the flight cage, resulting in isolates from
multiple treatment groups being presented to an individual simultaneously. Isolates were at a
concentration of 400 cells/µL in 150 µL of treatment nectar in each artificial flower. Multiple
trials with different isolates were performed. Three trials compared all five isolates used in the
evolution portion of this study in both sinigrin and control nectar backgrounds.
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Part 2: Generation and nectar background preference
I had consistent recovery of the M. reukaufii, so I used isolates from generations 1, 4 and
8 and introduced them to B. impatiens in both control and sinigrin nectar. Another three trials
compared the same isolates in different backgrounds than they were originally grown in to
determine if the background or microbes present have more of an influence on preference. Blank
sinigrin and control nectar were also included in all trials.
Bumble bees were allowed to forage for 1 hour for each trial. They were allowed to
freely forage simultaneously with direct access from their hive to the flight cage. I recorded
flower ID and amount of time the forager spent at each artificial flower. Time spent at an
artificial flower was started when the foragers tongue was inserted into the nectar and ended
when the tongue was removed. Data was recorded in real-time by 1 to 2 observers.
Data analysis
To analyze pollinator preference, three dependent variables (total time spent at the
flower, number of visits to the flower, and a ranked preference score to compare choice order)
were recorded. The ranked preference score was used on forager visits to artificial flowers to
determine if pollinators would choose certain treatments before others. The total number of
observations for a trial was divided by ten to create a ranking from 1-10, the first grouping of
observations being scored as 10 and the final group as 1. As not all trials had observations
divisible by 10, the remainder were scored as 0. I then used a weighted average to allow
comparison across trials. Weighted averages of ranked scores from 0-5 were then used to
determine preferences.
The three dependent variables (number of visits, time duration of visits, and weighted preference
score) were tested using a three-way generalized linear mixed model. Number of visits was
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logarithmically transformed to obtain a normal distribution for analysis in trials comparing
generation and nectar background preference. Time spent per flower was also transformed using
a square root in the same trials. Levene tests were run on all variables to confirm homogeneity of
variance. Colony, test date, and flower ID were treated as random variables and analyzed in a
generalized linear mixed model along with generation and nectar background as predictors for
generation trials and microbial species identity and nectar background for species trials.

RESULTS
Objective 1: Microbial competition and floral colonization effects on nectar characteristics
and resource allocation
While sugar consumption did not differ in response to the microbe treatment and
interspecific competition, both nectar treatment and generation influenced observed BRIX values
across the entire data set (Table 1). To assess this trend further, I looked at each microbe
separately to determine how the interaction between generation and nectar background
influenced BRIX values, and resource allocation as a result.
Table 1. Results of an ANOVA for the entire BRIX data set.
Effect

Df

Sum Sq

Mean Sq

F

Pr(>F)

p<.05

Competition
Microbe
Nectar
Generation
Microbe:Generation
Microbe:Nectar
Microbe:Generation:Nectar

1
4
1
4
16
4
20

0.08
4.65
19.67
208.33
31.52
7.75
39.09

0.08
1.16
19.67
52.08
1.97
1.94
1.95

0.145
2.188
36.976
97.922
3.704
3.645
3.675

0.703
0.070
<0.001
<0.001
<0.001
0.006
<0.001

*
*
*
*
*

Within B. subtilis “flowers”, generation, nectar treatment, and the interaction term all
show significant differences in BRIX values. Additionally, control nectar had lower sugar values
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than the sinigrin background (11.52 degrees °Bx vs 10.83 °Bx). The differences within nectar
background treatments are especially apparent in generations 1, 3, 4, and 5. Generation also had
a significant impact on B. subtilis sugar consumption as BRIX values increase across time in
both control and sinigrin nectar treatment with generation 8 having the highest significantly
higher BRIX values relative to previous generations.
“Flowers” inoculated with both B. subtilis and M. reukaufii (CO) showed similar results
to their counterparts grown with one or the other. Control nectar had lower sugar values than the
sinigrin background (11.7 °Bx vs 10.9 °Bx). Differences within nectar background are apparent
in generations 3, 4, 5, and 7.
Generation, nectar treatment, and the interaction term all result in significant differences
in sugar consumption within M. reukaufii “flowers”. Similar to B. subtilis, more sugar was
consumed by the yeast in the sinigrin background than the control background (Fig. 2) regardless
of competition pressure. Differences between nectar treatments were seen specifically in
generations 1, 3, 4, and 5. Generation also had a significant impact on yeast consumption of
sugar. Over generational time, less sugar is consumed as both generation 1 (10.3 °Bx) and 8
(12.25 °Bx) are significantly different from each other and all other generations in M. reukaufii
(Fig. 2). Generation also had a significant impact on sugar consumption in M. reukaufii isolated
from B. rapa in Utah. Generation 1 showed significantly lower BRIX values than all other
generations I collected data for, while generation 8 showed significantly higher values than all
but generation 5. Nectar background only had a significant impact on sugar consumption in
generation 1 for this isolate.
M. extorquens also had significant differences in sugar consumption by generation.
Generation 1 had significantly lower BRIX values than generation 5 and 8 and generation 5 was
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significantly different than generations 1, 4, and 7. Nectar treatment was only responsible for a
significantly lower BRIX value in sinigrin than control nectar in generation 3, while generation 4
also showed a P-value of 0.52.
The unidentified bacterium showed similar results in sugar consumption. Generation had
a significant impact on sugar consumption (P<0.001). Generation 8 showed significantly higher
BRIX values compared to all other generations. Nectar background also had a significant impact
for generations 1, 3, and 5 (Table 2). BRIX values were significantly lower for sinigrin
treatments for generations 1, 3, 4, and 5 but slightly higher for 7 and 8 (not significant) (Fig. 2).
Table 2. ANOVA results for BRIX values for each microbe species grown in artificial flower nectar.
Effect

DFn

DFd

F

p

p<.05

Generation

5

20

11.382

<0.001

*

Nectar

1

4

11.132

0.029

*

Generation:Nectar

5

20

3.065

0.033

*

B. subtilis

B. subtilis & M. reukaufii (competition)
Generation

5

20

27.838

<0.001

*

Nectar

1

4

64.971

0.001

*

Generation:Nectar

5

20

4.121

0.01

*

Generation

5

15

12.62

<0.001

*

Nectar

1

3

26.439

0.014

*

Generation:Nectar

5

15

5.387

0.005

*

Generation

4

16

17.95

<0.001

*

Nectar

1

4

0.104

0.763

Generation:Nectar

4

16

2.383

0.095

Generation

5

15

32.97

<0.001

Nectar

1

3

1.375

0.326

Generation:Nectar

5

15

1.761

0.182

Generation

5

15

11.184

<0.001

Nectar

1

3

9.527

0.054

Generation:Nectar

5

15

2.148

0.115

M. reukaufii (CO)

M. reukaufii (UT)

M. extorquens
*

Unidentified bacteria
*
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Unfortunately, due to plate contamination, I was unable to get CFU values across all
generations for all isolates. Therefore, I am just presenting data for M. reukaufii and B. subtilis.
Although BRIX changes were observed across generations, there were no differences in CFU
values observed across generations and regardless of nectar background (Table 3).
Table 3: ANOVAs for microbe performance via CFU
Effect

DFn

DFd

F

p

p<.05

B. subtilis
Generation

3

27

1.04

0.388

Nectar

1

9

0.798

0.395

1.42

12.76

1.37

0.278

Generation

3

27

1.08

0.3488

Nectar

1

9

0.999

0.595

1.42

12.76

2.45

0.356

Generation:Nectar
M. reukaufii (CO)

Generation:Nectar

Objective 2: Pollinator preference based on microbial presence and evolution
Part 1: Microbe preference
Bombus impatiens showed no significant preference for any species of microbe or nectar
background presented to them based on the three preference indicator variables. However, total
visits showed significance by trial (Table 4). Trial 1 had a total of 67 observed visits while 2 and
3 had 98 and 89 total visits respectively.
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Table 4. Results of an ANOVA for 3 preference indicators for experiments comparing B. impatiens microbial
preference. Trial has a significant impact on the total number of visits to each artificial flower.
Effect

Df

Sum Sq

Mean Sq

F

Pr(>F)

Microbe

5

5.741

1.148

1.216

0.311

Trial

2

14.130

7.065

7.480

0.001

Nectar

1

0.148

0.148

0.157

0.693

Microbe:Trial

10

12.093

1.209

1.280

0.258

Microbe:Nectar

5

6.963

1.393

1.475

0.209

Trial:Nectar

2

0.574

0.287

0.304

0.739

Microbe:Trial:Nectar

10

6.981

0.698

0.739

0.695

Microbe

5

8015

1603.1

0.592

0.706

Trial

1

9203

9202.7

3.397

0.069

Nectar

1

164

163.8

0.061

0.806

Microbe:Trial

5

11956

2391.3

0.883

0.496

Microbe:Nectar

5

10763

2152.7

0.795

0.557

Trial:Nectar

1

3016

3016.1

1.113

0.294

Microbe:Trial:Nectar

5

7213

1442.6

0.533

0.751

Microbe

5

11.958

2.392

1.033

0.404

Trial

1

2.302

2.302

0.995

0.322

Nectar

1

1.445

1.445

0.624

0.432

Microbe:Trial

5

12.115

2.423

1.047

0.396

Microbe:Nectar

5

9.434

1.887

0.815

0.542

Trial:Nectar

1

0.453

0.453

0.196

0.660

Microbe:Trial:Nectar

5

7.254

1.451

0.627

0.680

p<.05

Total visits
*

Time per flower

Weighted Preference Score

Part 2: Generation and nectar background preference
For the second part of the study, I wanted to assess how long-term exposure of a yeast to
a glucosinolate would impact pollinator preference. Bombus impatiens show no preference for
nectar treatment or generation, as seen in all three indicator variables, visits, time spent at flower,
and weighted preference score. However, trial was significant for the preference indicator, time
per flower (Table 5).

15

Table 5. Results of an ANOVA for 3 preference indicators for experiments comparing B. impatiens preference
for different generations of M. reukaufii.
Effect

Df

Sum Sq

Mean Sq

F

Pr(>F)

Generation

1

0.14

0.14

0.422

0.518

Nectar

1

0.175

0.175

0.529

0.469

Trial

1

0.264

0.264

0.799

0.374

Generation:Nectar

1

0.081

0.081

0.245

0.622

Generation:Trial

1

0.192

0.192

0.581

0.448

Nectar:Trial

1

0.596

0.596

1.802

0.183

Generation:Nectar:Trial

1

0.874

0.874

2.643

0.107

Generation

2

6.57

3.287

0.182

0.834

Nectar

1

4.47

4.466

0.248

0.620

Trial

2

256.37

128.187

7.110

0.001

Generation:Nectar

2

3.65

1.823

0.101

0.904

Generation:Trial

4

8.61

2.154

0.119

0.975

Nectar:Trial

2

21.42

10.710

0.594

0.554

Generation:Nectar:Trial

4

22.95

5.737

0.318

0.865

Generation

2

4.219

2.110

1.884

0.158

Nectar

1

0.100

0.100

0.090

0.766

Trial

2

3.402

1.701

1.520

0.224

Generation:Nectar

2

1.162

0.581

0.519

0.597

Generation:Trial

4

3.987

0.997

0.890

0.473

Nectar:Trial

2

5.261

2.631

2.350

0.101

Generation:Nectar:Trial

4

1.415

0.354

0.316

0.867

p<.05

Visits

Time per flower

*

Weighted Preference Score

DISCUSSION
Objective 1: Microbial competition and floral colonization effects on nectar characteristics
and resource allocation
The results showed no significant differences in sugar consumption across multiple
bacteria and yeast species. However, sugar consumption displayed similar trends over time for
all species. Generally, sugar consumption decreased over time. Some species exhibited different
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sugar consumption dependent on whether a glucosinolate, sinigrin, was present or not. Generally,
more sugar was consumed when exposed to nectar containing sinigrin. The second portion of
this study explored nectar preference for B. impatiens.
The results of the microbial evolution study were unexpected. There was no difference in
sugar consumption between species, even though both yeast and bacterial species were included.
Previous studies have suggested that yeast and bacteria have different impacts on nectar quality
which influences pollinator preference for nectar colonized by yeast. The pollinator used in this
study has shown preference for yeast inoculated nectar in a previous study (Schaeffer et al.,
2017). As this was a small- scale study, there is a possibility for observed differences with longer
periods of nectar colonization to allow for nectar trait modification.
Sinigrin is a glucosinolate common in B. rapa. It is known to act as an antifungal and
antimicrobial. Sinigrin has been demonstrated to impact microbial community species in other
systems but work in flowers is limited (McKinnon & Robinson, 2016). In Pieris rapae, an
herbivore of Brassica sp., consumption of sinigrin has been shown to influence gut microbial
composition, a response that is dose dependent. Antifungal and antimicrobial effects of sinigrin
are also dose-dependent in pathogens (Sotelo et al., 2015). These results show an interesting
contradiction. Rather than limiting microbial growth and thus metabolism, sugar consumption
was significantly increased in nectar treated with sinigrin among M. reukaufii and B. subtilis.
The unidentified bacterium also showed a difference between treatments with a P-value of 0.054.
This could be related to a compensation effect with toxicity. Since nectar has an excess of sugar
needed for metabolism, it could help with withstanding sinigrin presence (Lievens et al., 2014).
Meaning, nectar colonists need to consume sugars more quickly to adapt to the environment.
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Additionally, I selected a low concentration shown not to entirely inhibit growth as demonstrated
by CFU data.
Another unexpected result was sugar consumption decreasing over generational time. I
expected that sugar metabolism would increase over time as the microbes adapted to their
environment and utilized more resources. One possibility is that these microbes were isolated
from a nectar environment where competition was a factor and as the majority of my treatments
were monocultures, the microbes could afford to metabolize less sugar with the lack of
interspecific competition pressure (Rebolleda‐Gómez et al., 2019). Typically, flowers are
colonized by two or more microbe species. However, these environments are ephemeral,
constantly changing, and the first colonizer reduces the presence of sequential colonizers.
Priority effects can have strong impacts on the floral microbe interactions (Toju et al., 2017).
Additionally, they may have slowed sugar metabolism as they become more efficient at utilizing
sugar resources, ultimately resulting in less consumption.
Limitations in my study could be addressed in future work. More extensive generation
replications for the microbe evolution study could result in different results. Additionally, more
work could be done to explore how other glucosinolates, like allyl isothiocyanate (AITC), as
well as different levels of glucosinolates may affect microbial evolution and pollinator
preference. If there had been higher levels of sinigrin than used in this study, toxicity could have
changed microbial response to the nectar environment. This could help us better understand why
microbes responded by consuming more sugar in toxic conditions than in the control nectar. It
may also be useful to note that it is unlikely that sinigrin would be the only secondary metabolite
present at one time. Although this study provides a look into possible effects of sinigrin on
microbial performance, the nectar environment is overly simplified when considering only
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sinigrin and one or two microbes interactions. More nectar quality and microbe phenotype data
could be collected to elicit more clues into their interactions. Accurate pH measurements could
tell us how microbe metabolism alters nectar environment.

Objective 2: Pollinator preference based on microbial presence and evolution
Although microbe species, generation, and nectar background had no significant effect on
pollinator preference, I did see differences between trials. Trial had a significant impact on
number of visits to flowers in the three trials comparing species preferences (Table 4). This may
be in part affected by trial 1 having a total of 67 observed flower visits, while trial 2 and 3 had 98
and 89 respectively. Trial was also significant for time spent at flowers for the trials comparing
generations of M. reukaufii (UT). Again, differences in total time spent at flowers was drastically
different for each trial. Trial 1 having a total of 548 observed seconds and the final three trials
having over 3000 observed seconds of visitation.
Although previous trials were conducted to streamline pollinator observation and
collection of data, these differences between trials suggest that the pollinators were still
becoming acquainted with the artificial flower set up. Weighted preference scores were
calculated to help mitigate some of the potential effects of conditioning and learning for B.
impatiens. Although I didn’t see trial having a significant impact on preference score, I still
didn’t see nectar background, microbe species, or generation having an impact. Nectar was
inoculated immediately before presentation to the pollinators. Although flowers differed in
microbe and sinigrin presence, microbes were not given time to alter nectar quality before
pollinators had access to the flowers. A more extended period of exposure would have allowed
microbes to induce greater shifts in nectar quality, thus affecting preference (Schaeffer et al.,

19

2017). This suggests that the pollinators are not significantly impacted by the mere presence of
the microbes or sinigrin themselves. Future studies can and should determine if extended periods
of microbe exposure will alter pollinator preference. Longer term evolutionary studies may be
more informative than 8 generations, chosen for comparison to Ramos & Schiestl (2019).
Additionally, initial conditioning and training of B. impatiens to forage for nectar among
artificial flowers would eliminate learning in experimental trials as seen in my results.
Observations could also be improved with the use of video recording.

CONCLUSION
In conclusion, this study shows that nectar colonizing yeast and bacteria adapt to the
nectar environment via changes in sugar consumption. Additionally, both M. reukaufii and B.
subtilis show evidence of higher metabolism in toxic nectar environments. Glucosinolates, nectar
colonizing microbes, and the nectar itself leave room for diverse combinations of features
creating complex interactions within floral nectar. As a key component of plant pollination and
reproduction in angiosperms, the intricacies of microbe evolution in floral nectar are a critical
area of study. Future research is needed to further explore the impact of generation and
glucosinolates on microbe evolution. Specifically, to explore why nectar consumption decreases
over time and increases in the presence of the glucosinolate sinigrin. Additionally, modified
methodology providing time for microbes to alter nectar quality before presenting to pollinators
could provide more insight to how microbial evolution effects pollinator preference. Further
consideration of microbe effect on nectar quality is key to understanding plant-pollinator
interactions.
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Reflective Writing
If you were to ask anyone who knows me well, they will tell you that I’ve loved science
and the ocean for as long as they’ve known me. My goal when I was in elementary school was to
be a dolphin trainer because this was my idea of a marine biologist. Fast forward to my freshman
year at Utah State University and I still wanted to be a marine biologist after 7 years of living in
a landlocked state. I chose to study biology hoping that I would find new areas of science that
were just as fascinating to me. My interests were only solidified when I traveled to Heron Island
for a study abroad to learn about coral reefs. Yet, here I was, in Logan, Utah with three more
years to learn.
Through the Honors college I was pushed to try new things. I spoke at the Citizen
Scholar Conference, attended thought provoking lectures and events on campus, and took classes
that broadened my world view and experience. It was here at USU that I truly realized my
passion for learning and science in general. Over the course of three years, I learned about the
foundations of life through classes like genetics, evolution, ecology, and chemistry. By the time
my junior year rolled around I was ready to take everything I was learning and apply it. It was at
this time that many of my plans felt like they were falling apart, just as I applied to work in the
Schaeffer Lab.
I was hired as a research assistant to Grace Freundlich who was working on a project
involving the eco-evolutionary interactions between alfalfa, curculio root larvae, and rhizobia.
Although these organisms weren’t what I had in mind when I first imagined what I wanted to
study, I soon learned that it was the science of their interactions that was fascinating. This helped
solidify that ecology was the right emphasis for my biology degree. I had no idea what I was
doing when I started out and I lacked confidence in myself and my abilities. Under Grace’s
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direction I slowly gained confidence by asking a ton of questions, followed by her trust in me to
get things done. I learned the basics of many lab techniques and equipment while assisting her in
addition to applying skills I had already learned in courses like microbiology. I also learned how
to keep an organized lab notebook, the importance of taking notes while working through assays
and collecting data, and what it meant to be a part of research lab.
That first semester in the Schaeffer lab was the foundation I needed to design and
complete my capstone. Over the summer I spent my free time reading literature and writing my
first research proposal for the URCO grant. Dr. Schaeffer and Dr. Freundlich assisted me in
writing and editing my proposal. Although I had learned the basics of scientific writing in many
of my courses at USU, this was the first time I was applying it to my own research project. The
scientific writing process is not easy and can be very time consuming. The most important thing
I learned from that first proposal was that I was capable of doing something difficult. Ultimately,
I didn’t receive the URCO grant for my proposal, but I gained so much from applying that I
didn’t regret it. I knew the next proposal I wrote would be that much easier because I had done it
before. Soon after, I dove into my capstone proposal using what I learned through my first
application process.
As I worked with Grace to design my methods and protocols, we had to make many
modifications as we worked through trial and error. No one ever tells you about the unexpected
changes and challenges you run into during the scientific process. Although it was frustrating,
discouraging, and a confidence killer at many points, I learned how to work through it. I solved
problems, found solutions, and repeated some parts of my project until I became a pro. I
collected so much data that semester and through that I learned how to do it better. There is no
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such thing as too much data or too many notes when working through multiple assays, data
collection methods, and trials.
Through the semester I also elected to take a course on the basics of R. As I began the
process of manipulating and analyzing the data, I collected the following semester I was so glad I
had taken that class. I learned so many basics that made it easier for me to get started so that I
can learn the more complicated processes involved in creating models and analyzing the data. I
earned great satisfaction when I finally worked through an error in my code and was successful
in applying statistics concepts to my own data. R is something you truly can’t learn until you just
start working through it and I know the experience I gained will be invaluable in my future
professional and academic pursuits.
Finally, I was back to the writing process. Not only is writing an incredibly important
part of the scientific process, but it also helped me solidify a deeper understanding of the
research I was contributing to. Being able to put something into words is an incredible practice
for comprehension and creating a full picture of your work and its meaning and impact. Not only
did I get to learn from the process of writing itself, but I created a beautiful, finished work that
contributes to research that my mentors’ study. Additionally, I have the opportunity to become a
published author, which is an incredible accomplishment for an undergraduate. I’m incredibly
proud of what I have accomplished through research over the past year and a half.
Completing my capstone has been the most challenging and rewarding experiences of my
undergraduate degree. It truly is the capstone on my education here at USU. I gained valuable lab
experience, applied what I learned in my coursework, built meaningful relationships, gained
confidence in my abilities and contributions as a scientist, learned what research really takes, and
created something I can be extremely proud of.
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